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FOREWORD

TO:

The Honorable Richard D. Lamm
Govemor of the State of Colorado-
State Capitol

Denver, Colorado 80203

Dear Governor Lamm:

In the course of administering ground water underlying what is
generally referred to as the Denver Basin, consisting of some 6,000 square
miles and including all or parts of Adams, Arapahoe, Douglas, Elbert, El Paso,
Jefferson, Morgan and Weld Counties, the paucity of data on aquifer character-

. istics, water quality and quantity has always presented difficulties and misunder-
standing among the water officials, professional consultants, water users, the
courts and the general public. In order to define the general geology and aquifers
in the Denver Basin, I directed the Ground Water Section of the Division of Water
Resources to compile all of the information available from many sources, interpret
this information and publish the findings for the use of the general public in deter-
mining the extent and nature of this underground water supply and to assist the
administrators in the Division of Water Resources to rationally assess availability
of water for development along with the effect of such development on existing

uses.

This report, due to its highly technical content, is published pri-
marily for the use of experts in the field. Another report on the same subject,
"Ground Water Resources of the Bedrock Aquifers of the Denver Basin, Colorado,"
will be a less technical synopsis of this report for the use of laypersons such
as County Commissioners, Planning Commissions and the general public.

These reports were prepared by Mr. John C. Romero, Water Resource
Engineer, Division of Water Resources, Department of Natural Resources, under
the general supervision of Dr. Bruce E. DeBrine, Deputy State Engineer in charge
of the Ground Water Section.

The synopsis is being prepared and will be transmitted to you in
the very near future.

Respectfully yours,

eftor (State Engineer) :
sion of Water Resources
State of Colorado
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INTRODUCTION
PURPOSE AND SCOPE OF THE INVESTIGATION

The extensive use of.ground water for municipal, domestic, commer-
cial and industrial supplies, the current intensified suburban and rural
development and the perpetual search for supplemental water have resul-
ted in the need for a thorough hydrogeologic appraisal of the bedrock
agquifers of the Denver Basin, In the past, municipalities, industries,
and other water users could depend upon existing surface and ground
water supplies. Population increases east of the Front Range eventually
required construction of storage reservoirs, diversions from streams and
more recently trensmountain diversion wherein water from the Western
Slope is collected and diverted to the Eastern Slope for use in areas
such as metropolitan Denver and Colorado Springs. At present there is a
trend for population growth to occur along and beyond the periphery of
the metropolitan areas to rural areas. This expansion of population is
beginning to tax the capabilities of present water supply facilities.
Although future demend may be in part satisfied by additional transmoun-
tain diversions and storage facilities, it is inevitable that ground
water from the bedrock aquifers of the Denver Basin will be called upon
to either supplement or furnish the entire water supply for some areas.
As of this writing, the Denver Basin's bedrock aquifers furnish the sole
supply of water to no less than 20 municipalities and an equal number of
smaller water agencies. In addition, about 10 water agencies in the
Denver Basin rely upon the bedrock aquifers to supplement surface water
supplies. The current utilization trend is expected to continue.

The purpose of this investigation is to evaluate the hydrogeologic
characteristics of the bedrock aquifers in the basin, and the origin,
movement, quantity, aveilability, and use of the ground water. The
chemical quality of the water and its suitability for different uses are
also evaluated. Consideration is given to the present and probable
future distribution of deep wells in the Denver Basin, and to the possi-
ble effects of long-term withdrawals from the various aquifers.

This investigation was conducted at the request of the Colorado
State Engineer. It is intended for use as a guide in the administration
of ground water withdrawals from the bedrock aquifers, for local plan-
ning agencies, municipalities, water distribution agencies, and private
individuals interested in developing a supply of water from the bedrock
aguifers of the Denver Basin. :

7
All numerical data of this report are represented by both the metric
and English (in parenthesis) systems (both rounded). . )
TOCATION OF THE STUDY AREA

The area described in this report consists of about 15,500 square

kilometers (6000 square miles) and includes all or parts of Adams, Arapa-
hoe, Douglas, Elbert, El Paso, Jefferson, Lincoln, Morgan and Wéld

(1)




Counties, Colorado. The area is roughly oval in shape, has & north-south
length of about 193 kilometers (120 miles) and s maximum width of about
112 kilometers (70 miles). Descriptively, the study area extends from
Greeley south to a point about 40 kilometers (25 miles) southeast of
Colorado Springs and from Golden east to about 19 kilometers (12 miles)
east of Deer Trail (Fig. 1).

PREVIOUS INVESTIGATIONS

Much of the area investigated in this report has been studied by C e
previous workers. The investigations are about equally divided between
those of a strictly geologic nature and those of a strietly hydrogeolo-
gic nature. Investigations of a regional magnitude include those by MeCoy
(1893), Darton (1905), Lovering (1932), Kittlemen (1956), and McConaghy,
et al (1964). The Denver Regional Council of Governments (1965, 1969)
has produced many useful data on both ground water properties and water
demands of the greater metropolitan Denver area, Emmons (1898), Johnson
(1934), LeRoy (1946), Reichert (1954, 1956), Van Hora (1957), Smith (1964),
Scott (1962, 1963), Bellew (1957), and Malek-Adani (1950) have provided a
great amount of geologic information on the sedimentary and igneous rocks
along the east flank of the "Foothills Belt" from the Golden area to
Perry Park southwest of Castle Rock. Waage (1959) specielized in a Dakota
group study and Wehlstrom (1947) dealt with the physiographic history of
the Front Range. Richardson (1915) and Gabriel (1933) examined the Castle
Rock area. Varnes end Scott (1967), Finlay (1916), Jenkins (1964) and
Soister (1968) provided useful geologic data from the Air Force Academy
ares at the southern end of the Denver Basin. Dan and Pierce (1936)
examined the Dawson and Laramie fomations in a large portion of the south-
eastern part of the report area. McLaughlin (194), McGovern and Jenkins
(1966), Erker and Romero (1967), and Owens (1971) conducted hydrogeologic
examinations in the southern part of the Denver Basin. Romero (1965),
Duke and Longenbaugh (1966), and Owens (1967, 1971) cover ground water
jnvestigations in the Kiowa Creek, Bijou Creek and Lost Creek drainage
basins. Kuhn (1968) and Bibby (1969) examined the relationship ‘between
the Laramie-Fox Hills aguifer and the Bijou Creek alluvium in the north-
eastern part of the Denver Basin. General information on the basin's bed-
rock geology have been presented by Bjorklund and Brown (1957), and Smith,

et al (1964), and Romero and Hampton (1972).
- v

METHODS OF INVESTIGATION

Work on the Denver Basin report began in late fall of 1970 with the
collection and interpretation of electric logs obtalned from the Colorado
0il and Gas Conservation Commission. Intervening stages involved the
collection of all types of data and literature pertinent to the completion
of this report. Because the outcrops of the bedrock formations have been
previously mapped to an accuracy scceptable to this perticular study, and
due to the existence of a large volume of miscellaneous information, in-
cluding water ‘quelity date, field work was held to & minimum. Major
field investigations involved the collection of updated water level data
for wells tepping the Dawson, Laramie, and Leramie-Fox Hills aquifers.

It is hoped that & much larger ground water level monitoring network will

(2) '
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be operative by late 1976, This will be a part of a continuing investi-
gation program scheduled far the Denver Basin.
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GEOGRAFHY

TOPOGRAPHY AND DRATNAGE

The Denver Basin study area is defined by the outcrop-subcrop of the

 Pierre-Fox Hills formation contact as portrayed on Plate 1 and Figure 1,

and which lies within the Colorado Piedmont Section of the Great Plains
physiographic province. -It is somewhat elliptical in shape with the long
axis trending roughly north-south. It copsists of three relatively-dis-
tinet subdistricts: (1) a wide band which nearly encircles the basin

and is marked by relatively wide stream valley lowlands separated by
gently rolling uplands, (2) & relatively isolated area in the south-central
part of the basin which is marked by relatively narrow stream valleys,
separated by gently rolling to steep uplands (the latter exhibits a wide-
spread growth of pine trees and is known as the Black Forest region), and
(3) on the western side, & narrow band of steep, northwest trending hog-
back ridges that dip sharply away from the crystalline rocks of the

front range. The hogback ridges mark the westernmost extent of the pro-
ject area, Maximum topographic relief within the study area is about

975 meters (3200 feet); the altitude above mean sea level ranges from
about 2340 meters (7690 feet) on Spruce Hill in the Black Forest region

to ebout 1370 meters (4500 feet) near the junction of U. S. Highway 34 and
U. S. Highway 6 in the northeastern portion of the study area.
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The study area is drained by a large mmber of streams, most of
whose headwaters are in the Black Forest region. The South Platte
River enters the study area about 20 kilometers (12 miles) southwest
of Denver, flows in a generally northward direction to Greeley where
it swings toward the east, FPlum Creek, and several streams entering
the South Platte from the west, including Bear Creek and Clear Creek, .
begin in the Front Range, Most of the streams which drain the southern
rart of the study area have headwaters either in the Black Forest region
or in the Rampart Range, .

Major northward or eastward flowing streams in the South Platte
drainage are Plum Creek, Bear Creek, Cherry Creek, Clear Creek, Box Elder
Creek, Kiowa Creek, and Bijou Creek. Major streams in the Arkansas River
drainage are Monument Creek, Jimmy Camp Creek, Black Squirrel Creek,

Horse Creek, and Big Sandy Creek. Only & very few of the streams whose
headwaters are in the Black Forest region can be considered perennial,
Most are 'd.ry except during periods of snowmelt or during and after heavy
thundershowers, Flow under such conditions is often short-lived, because
after several kilometers of travel on the surface runoff » water generally
percolates downward through the sandy stream beds and becomes ground water,

Most of the streams whose headwaters are in the Black Forest region
occupy long, narrow drainage basins in which all varts of the drainage are
close to the main streams and sub-basins are quite small. In such areas,
surface runoff reaches the main stem in a short time after & storm and
flooding is common.(Mundorff, 1964, p. 49). The gradients of most of the
streams are about 66 meters per kilometer (350 feet per mile) in the Black
Forest region and about 4 meters per kilometer (20 feet per mile) in the
lowland areas.

CLIMATE

The area investigated is typical of the continental, semi-arid plains
regions, The climate is relatively uniform from Place to place with
characteristic features of low relative humidity, abundant sunshine, gen-
erally light rainfall, moderate to high wind movement » and & large daily
range in temperature (U. S. Department of Commerce, 1968).

Normal annual precipitation for the basin ranges from about 28 to U3
centimeters (11-to about 17 inches), the high value occurring in the
higher elevations of the Black Forest region. About 70 percent of the
precipitation occurs generally as thundershowers between Mey. and Septem-
ber. The thundershowers are erratic, unevenly distributed and are often
ecompanied by strong winds and sometimes by destructive hail., The
erratic nature and uneven distribution of precipitation results in some
local areas experiencing extended dry periods. 1In general, the precipi~

tation is ‘sufficient to support native grasses, hay and some grains,

Normal monthly temperatures range from about -5 to 0 C (25 to 30 F)
during the winter months to 30 to 4O C (60 to 70 F) during mid-summer.
Annual precipitation and temperature for six weather stations are shown
graphically in figure 2, The frost-free growing season ranges from about
120 days in the Black Forest region to about 140 days in the prairie
lowlands,

(5)
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Multiply inches by 2.54 to find
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The combination of the project area's distance from major sources
of moisture (the Pacific Ocean and the Gulf of Mexico), the rainshadow
effect of the Rocky Mountains, and relatively high altitude results in
low relative humidity throughout most of the basin., The average rela-
tive humidity ®r the Denver area is 36% during summer months and 429,
during winter months. ZLow relative humidity end frequent wind results
in a vrelatively high evaporation rate. The range of Class A pan-
evaporation is from about 137 centimeters (5h inches) along the foot~
nills and Black Forest region to about 162 centimeters (6l inches) in
the eastern prairie lowlands.

AGRICULTURE AND INDUSTRY

The present agricultural economy of the study area is based on
irrigated and dry farming, and stock raising. The principal irrigated
crops are corn, Sugar beets, alfalfa, potatoes, beans and truck garden
vegetebles. Dry-farmcrops are wheat and other small grain crops. Live-
stock raising includes beef and cairy cattle, hogs, sheep, and poultry.

The principal industries of the basin are agriculturally oriented.
Widespread sand and grevel deposits are exploited for the panufacture of
concrete products, home building and for road construction. There are
21so some local deposits of coal, oil and clay.

At present, most of the water used for irrigated crops is obtained
from either surface water diversions or from shallow ground water sup-
plies. There are a few isolated cases vherein small scale irrigation is
accomplished by applying water pumped from bedrock formations. Water for
stock is generally obtained from either shallow or bedrock aquifers.
Water from bedrock aquifers is preferred in cases where certain types of
livestock cannot tolerate hard water such as that found within the lower
reaches of some of the basin's larger stream systems. Water for most
industrial and municipal uses is primerily obtained from surface and shallow
ground water supplies.. A few industries and many water supply agencies
either supplement such sources with bedrock water or rely totally upon
bedrock water.

The basin is segved by a system of federal and state highways, county
roads and by the main lines of the Burlington-Northern, Denver and Rio
Grande Western, Rock Island, Santa Fe and Union Pacific Railroads.

POPULATION AND GROWTH

The population within the boundary of the project ares is about 1.5
million, About 75 percent of the total live near large population centers
such as Metropolitan Denver, Castle Rock and Colorado Springs.

During the past quarter century the population of the study area has
continued to grow. The greater percentage of this growth has occurred in
the western and northern portions of the basin. The reasons for' such
growth are probably related to gradual reorientation from agricultural to
industrialized areas. The vrunt of the population increase has and is
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.supply agencies within the metropolitan area is roughly 10 percent,

occurring in the greater Metropolitan Denver area, and between Denver
and Colorado Springs along the so-called urban corridor. The average
annual growth rate (1960 through 1970) for Adams, Arapahoe, Denver,

Douglas and Elbert Counties is 3.6 percent, ‘ :

As population growth continues, so does the demand for treated
water. The annual increase in demand for treated water for many water

.

Figure 3 illustrates population growth by counties lying 80
percent or more within the project area and figure I illustrates
present and projected demands for treated water from typical water
supply agencies, Water demand and supply will be given a more thorough
treatment in later sections of this report.

’

GEOLOGY

REGIONAL GEOLOGIC SETTING

The Denver Basin is & structural basin which owes its existence
to a long series of tectonic adjustments which began in Precambrian
time and has continued intermittently to the present. The basin,
which extends northward into Wyoming, is flanked on the west by the
Southern Rocky Mountains and on the east by the High Plains, The west
flank of the basin is marked by the steeply upturned sedimentary rocks
which abut against the crystalline rock complex of the mountains and
dip toward the east to the synclinal axis of the basin, The sedimen-
tary rocks form hogback ridges and strike valleys along most of the
western flank of the basin, but toward the south, abrupt displecement
by the Rampart Renge fault has prevented hogback formatiomm except in
the Perry Park and Colorado Springs areas. The northern, eastern,
and southeastern parts of the basin are topographically flat to gently
rolling. Plates 1 and 2 are generalized bedrock and surficial geolo-
gic maps of the basin and table 1A is a generalized composite section
of the stratigraphic units of the Denver Basin. Table 1B is a more
detailed section which briefly describes the unit's physical charactek
and water-bearing properties.

SUMMARY OF GEOLOGIC AND PHYSIOGRAPHIC HISTORY

The following summary of the geologic and physiographie history
of the Denver Basin project area is taken largely from McCoy (1953),
Van Tuyl (1955) and Smith, et al (1964), and in part from field
observations made previous to and during this investigation.

Pre-Pennsylvanian sedimentary rocks in the Denver Basin project
area are not found north of Township 10 South. Along the foothills in
the southernmost part of Township 10 South intermittently extending to
and beyond Colorado Springs are found deposits of Cambrian,. Ordovician,
and Mississippian age. The rocks are composed primarily of shallow
marine quartzitic sandstones, massive limestones, dolomites, and a few
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stringers of mudstone. The moterials were deposited in & narrow east-
west trending trough between the structurally positive elements called

Siouxia (to the north) and Sierra Grande (to the south) (McCoy, 1953).

The base of the series is the Sawatch Sandstone of Cambrian age and the
top is the Madison Limestone of Mississippian age.

The beginning of the Denver Basin is thought to have occurred during
Pernsylvanian time when the primeval makings of the north-south trending
structural axis of the basin occurred. Uplift toward the west (North
Park and Uncompahgre positive regions - often termed Ancestral Rockies)
was accompanied by removal of existing pre-Pennsylvanian rocks north of
Tarkspur and resulted in the accumulation of 300-600 meters (1000-2000
feet) of coarse arkosic sand, gravel, and silt of the Fountain Formation,
The period of aggradation was followed by a period of almost continuous
deposition in the Denver Basin, That seas encroached and regressed is
apparent in the nearshore dune environment of the Lyons Sandstone (Per-
mian), shallow sea, landlocked basin and floodplain deposits of the
Iykins Formation (Permo-Triassic), and subareal deposits of late Triassic
age.

No record of the early Jurassic is present in the Denver Basin area,
Tate Jurassic and early Cretaceous is marked by & period of continental
conditions during which the Relston Creek and Morrison Formations and
Lytle Formation of the Dakota Group were deposited. The Ralston Creek and
Morrison Formetions are of fresh water, lake, swamp, and fluvial origin,
and the Iytle is a floodplain deposit. From early Cretaceous to Fox Hills
time in late Cretaceous the Denver Basin experiented dovnwarping, encroach-
ment of the sea and deposition of sbout 2100 meters (about 7,000 feet) of
marine sandstone, siltstone, shale, and ilimestone. The sequence is repre-
sented by the South Platte Formation of the Dakota Group, the Benton Group,
the Niobrara Formation, and the Pierre Formation. Withdrawal of the sea in
iate Cretaceous time was marked by deposition of the sandy-shale transition
zone of the upper Pierre and the sandstones of the Fox Hills and lower
Laramie Formetions, Continuous regression of the sea and rise of the lara-
mide Rockies resulted in deposition of fresh water sandstone, claystone,
shale, coal, and, during & geologically brief increase in the rate of
mountain building, the deposition of 300 to 450 meters (about 1000-1500
feet) of coarse sandstone and conglomerate of the Cretaceous part of the
Dawsan Group. Mountain building slowed considerably by early Cenozoic
time when the finer-grained sediments of the Paleocene part of the Dawson
Group vere deposited.

During middle Tertiary time the region encompassed by the project
area was subjected to successive rejuvenations, erosion intervals, and
climstic changes which resulted in the deposition of the Castle Rock Con-
glomerate (Oligocene).  Iater, during Miocene and Pliocene times, exten-
sive blanket-like beds of cley, silt, sand and gravel were deposited as &
vast pediment over most of the region extending from the mountain front to
the Great Plains. It has been suggested by many investigators (e.g., Pearl,
1971) that the South Platte and Arkansas Rivers were occupying their present
courses at the close of Fliocene time.

Regional uplift in late Tertiary time initiated the development of”
present -major physiographic features by the development of numerous
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Table 1A - Generalized composite section of the geologic
units of the Denver Basin, Colorado,

System or :
Era Period Series Geologic Unit
Recent and Quaternary eurficial] Stream channel,
Quaternary | Pleistocene deposits flood-plain and
terrace deposits;
Cenozoic eolian sand, etc,
Oligocene Castle Rock
Conglomerate
Tertiary
Tertiary intrusive
and extrusive rocks
Cenozoic | Tertiary
and and Paleocene Dawson_Arkose
M ic | Cret Rt Ed Dawson Group , | Denver Formatjon
r ATapahoe FOImation
Cret y,
Laramie Formation ¢} Upper part
.{B_sandstone
‘fA sandstone
T
iIMilliken Sandstone
Fox Hills Sandstone pyooow part
Pierre Formation
Smoky Hill Shale
Ricbrara Formation |Fort Hayes
1 ic | Cret imcstone
Carlile Shale
Benton Formation Greenhorn Limestone
Graneros Shale
Lowar Dakota Grou South Plate
Cretaceous P | Formation
Lytle Formation
Upper Morzrison Formation
Jurassic Jurassic =
Ralston Creek
Formation
train Shale
Triassic 2 iennon Limestone
and Lykins Pormation | Bergan_Shale
Pernian alcan Limestone
iuzgun Shale
Permian Lyons Sandstone
Fountain Formation /
Pennsyl~
Palezoic | vanian Glen Eyrie
Formation
dison Limes
Mississi~ Madi Limestone
pian williams Canyon
Limestoae
Ordovician
and Manitou Dolomite
Cambrian Sawatch Sandstone
Precambrian crystalline rocks
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tributaries to the South Platte ang Arkensas Rivers.  The tributaries
worked headward and by early Quaternary time (Pleistocene ang Holocene)
had removed the middle and late Tertiary sediment deposits and an unde-
termined amount of older strate from the west flank of the Denver Basin

(Ven Tuy1, 1955),

stocklike granitic rocks, pegmatite dikes, and a relatively large assort.-
ment of gneisses ang schists. They are important only in that they form
the western boundary of the study area angd they have been intermittentiy
fractured since Precambrian time (refer to Structure, this report),

South, a series of early Paleozo

*

Early Peleozoic Rocks

Rocks of early Paleozoic age are limited to a relatively small sec-
- tion of the southwestern part of the Denver Basin. The rocks range in
age from Cambrian to Mississippian and are represented by the Sawatch
Sandstone (C), Manitou Dolomite (0), Williams Canyon Limestone (M), and
Madison Limestone (M). These rocks crop out only in widespread locations
extending along the Rempart Range fault southward to and beyond Colorado




Springs. Work by MaclLachlan (1961) indicates that many of the sedi-
ments extend southward as far as the Arkansas River and eastward as
far as the Great Plains., Their combined thickness averages about 145
meters (about 475 feet), :

Pennsylvania.n, Permian, and Triassic Rocks

Glen ie Formation - Developed only in the Colorado Springs area,
the Glen Eyrie Formation rests unconformably upon the weathered surface
of Mississippian and older rocks, The formation consists of about 30
meters (about 100 feet) of dark colored shales with thin interbedded
sandstones. In the Colorado Springs area, the formation is interstrati-
fied with, and conformably overlain by, arkosic sandstone of the Foun-
tain Formation,

Fountain Formation - Unconformably overlying the Frecambrian
basement rocks in the northern part of the Denver Basin and conformably

tuents of the formation are red, pink, and gray, cross-bedded, poorly
sorted micaceous and arkosic, sandstones angd conglomerates, Unevenly
distributed throughout the formation are micaceous shales and mudstones,
and locally thin beds of fresh-water limestone. Particle size ranges
from silt to cobbles up to 15 centimeters (about six inches) in diameter,
The Predominantly red color of the formation is due to iron oxide cement,
hematite films on sand grains, pink feldspar, and red interstitial
. argillaceous material (Scott, 1963, p. 88). Silice and calcareous
cement are present, but do not add to the formation's red color,

The Fountain Formation is generally poorly exposed - in spite of
the fact that the formetion is wpturned sharply against the Precambrian
basement rocks. The sandstone of which it is primarily composed is in

and overlying formations., The more resistant beds are Probably the
result of a higher content of silica cement, The difference in hardness

Morrison ang the Flatirons near Boulder, The Fountain is not exposed
along portions of the southwestern part of the rroject area where it has
been sharply downfaulted along the Rampart Range fault, :

The Fountain Formation ranges in thickness from about 2L0 meters
{about 800 feet) near Golden to about 1340 meters (about 4,400 feet) in
the Colorado Springs area, The reduction in thickness in the northern
rart of the project ares is Probably the result of thinning by one or
more strike faults which occur along the foothills belt. The formation

dips eastward at slopes ranging from 35 to 85 degrees.

The Pennsylvanian and Permian age of the Fountain is based on
stratigraphic relationships with the Ingleside Formation to the north
of the project area and with the Glen Eyrie Formation in the Colorado’
Springs area., The Fountain is unconformably overlain by the Iyons .
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Sandstone,

ons Sendstone - The Iyons Sandstone of Permian ege overlies the
Fountain Formation and forms a continuous resistant hogback that dips
eastward at slopes ranging from 35 to 75 degrees. The formation consists
of yellowish-gray (south) to brownish-yellow, tan and pink (north) fine
to medium-grained, thin bedded to massive, quartzose sandstone, The Lyons
is locally arkosic and cross laminated, Lenticular layers of coarse
channel conglomerate occur near its base near the vicinity of Kassler
(Scott, 1963, p. 90). Throughout most of the ares. where the Lyons is
exposed, it is found to be friable, Predominant cementing materials are
iron oxide and calcareous material, Iron oxide cement is more common in
the lower portion of the formation end forms resistant sheets of maroon
and dark reddish-brown sandstone,

The Lyons Sandstone ranges in thickness from about 30 meters (about
100 feet) in the Golden area to about 120 meters (about 400 feet) in the
vicinity of Colorado Springs. Variations in thickness are likely to
occur in those areas subjected to intengive faulting such as in the Golden-
Morrison-Littleton area., The formation is generally well exposed except
elong the Rampart Range fault in the southwestern part of the Project area.

The Permian age of the Lyons Sandstone is based on identification of
reptile tracks and correletion with formations 1ying north and east of
the project area, The Lyons Sandstone is in conformable contact with the
overlying Lykins Formation,

Lykins Formation - The Lykins Fomation of Permian and Triassic age
is Predominantly a reddish-maroon, thinly-bedded shale and siltstne
with minor sandstone and limestone beds. The formation is relatively non-
resistant and occupies a strike valley between the Lyons Sandstone and
Dakota Group. Dips of the Lykins Formation average about 60° northeasterly; -
with exceptions occurring locally where it has been overturned by faulting

branch of the Rampart Range fault inthe southern part of the project area.

In the Golden-Morrison-Littleton ares » the ILykins can be subdivided
into five recognizable members (table 1). For a detailed description of
these members, the reader is referred to LeRoy (1946, p. 30-42). Average
thickness of the Lykins is about 133 meters (453 feet),

The Lykins Formation is generally poorly exposed except along red
culs and gullies, or where the Glennon Limestone forms & minor hogback,
locally, the Lykins has been thinned by the Golden and Rampart Range
faults, ' .

The Permian-Triassic 8ge span of the Iykins Formation is based on
stratigraphic relationships, lithologic affinities and weak paleontologic
evidence, The Lykins Formation is unconformably overlain by the Ralston
Creek Formation,
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Jurassic Rocks

Ralston Creek Formation - The Ralston Creek Formation is camposed
of varicolored limestone, calcareous shale, gypiferous deposits and
locally thin beds of fine-grained, light yellow sandstone, Thickness
of the formation ranges from sbout 0.6 meters (about two feet) in the
Colorado Springs area to about 33 meters (about 110 feet) in the
Golden area. Near Colorado Springs the formation consists of about
0.6 meters of grayish-brown, fresh-water limestone, The formation
thickens northward ang becomes silty and locally gypsiferous. Near
Kassler the formation is about 15 meters (about 50 feet) thick and
consists of a series of yellowish-gray, ridge-forming limestone beds
separated by thin-bedded sandstone and shale in the lower part and
silty, calcareous shale in the upper part., Northwest of Golden, the
formation is 30 meters (about 100 feet) thick and composed primarily
of varicolorged claystone, calcareous siltstone and thin-bedded lime-
stone; the claystone is orange, red, green, and gray, and the lime-
stone is commonly light gray and locally tinged with red or orange,

The Ralston Creek Formation is generally covered by surficial
deposits except in water geps and road cuts. It occupies part of
the strike valley between the Lyons and Dakota hogbacks. Locally it
has been thinned by the Golden and Rampart Range faults., Dips range
from about 40° to 650 northeasterly.

The Jurassic age of the Ralston Creek Formation is based on
paleontologic evidence and stratigraphic correlation,

Morrison Formation - The Morrison Formation of lLate Jurassic age
consists of a series of non-marine shale, siltstone, sandstone ang
marlstone. Thickness of the Morrison ranges from 60 meters (about 200
feet) in the Colorado Springs area to about 120 meters (about 400 feet)
at Kassler and 91 meters (300 feet) at Golden., The lower part of the
formation constitutes g series of greenish-gray and reddish, massive %o
thin-bedded, sandy shale interbedded with lithographic, fresh-water
marlstone and occasional lenticular masses of cross-bedded, brownish-
gray to light brown and yellow, calcareous sandstone, The base of the
Morrison is marked by a relatively consistent bed of light-gray to
brown, cross-bedded sandstone. '

The upper part of the formation consists of red, brownish-red, and
variegated, silty claystone, interbedded with reddish. or Yellowish-gray,
fine to medium-grained sandstones, The sandstones become more numerous
near the top of the formation.

The Morrison Formation crops out on the west slope of the hogback
formed by the overlying Dakote Group. Most exposures are hidden by
colluvial debris and vegetation, Dips generally range from 30° to 600
northeasterly; locally the beds stand vertically or are overturned due
to structural movements along the Golden fault. The formation has been
thinned locally by the Golden and Rampart Range faults.,

Continental deposition within streams, lakes, and swamps is respon-

sible for the nature of the Morrison Formation. It has been age dated
Primarily by fossil evidence, The Morrison is unconformebly overlain by
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the Iytle Fgrmation of the Dakota Group,

Lower Cretaceous Rocks

The lower part of the Dakots Group is called the Lytle Formation,
Early Cretaceous in age, the Lytle Formation is composed of 9 to 30

atic sandstoge » irregulariy interbedded with varicolored claystone. It

is characterized by lenticularity of its sandstones, discontinuous extent
of other units, and content of quartz Debbles, chert » quartzite, ang logs
of agatized wood, It is also locally cross-bedded ang ripple marked,

Most of the sandstones are relatively resistant to erosive Processes, henc

The upper part of the Dakota Group is referred to as the South Platte
Formation ang ranges from 60 to 106 meters (about 200 to 350 feet) in
thickness (Waage, 1959, p. 119). The predominant rock type is g fine-
grained, light-brown to ta.n-weathering, medium-bedded to massive, locally
ripple-marked sandstone, Gray to black clay, shele, silty shale and silt-
stone are interlayeq between the numerous sandstone beds. 1In the northern

The sandstones of the Dakotg Group are generally indurated with limon-
itie, celcareous, and more commonly, silicious cement, The group is most
eonspicuous as g continuous hogback, locally scarred by clay mining activi-
ties, with dips comzonly ranging from 40° 4o go0 easterly. These values

Rampar{ Range Faults., Balley (1957, p. 70, T1) reports that the Dakota
is about 2740 meters (about 9000 feet) below the surface in the Jarre
Creek area, )

LeRoy (1946, p. 75) attributes the deposits of the Dakots Group to a
Primarily near-shore, deltaic environment, The early Cretaceous age of

the group is based upon Paleontological evidence, The upper member of the
Dakota Group is in transitional contact with the Benton Formation,

Upper Cretaceous Rocks

Benton Formation - The Benton Formatioh consists of g series of thin-
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bedded3 dark-gray to gray-black, fissile marine shales, interbedded with
bentomte, soft, platy, Shaley limestone, ang local beds of calcarenite,

The Benton Formation is ‘generally poorly exposed except in road cuts
or water gaps, Topographically, the Benton tends to form a subdued valley
between the Dakota hogback and the Fort Hays Limestone of the overlying
Niobrara Formation, The fomation dips from about 40O 4o 70° north-
easterly. It has been locally cut out by the Golden fault and intermit-
tently by the Rampart Range fault, Its age is based primarily on paleon-

tological evidence, The Benton is une aformably overlain by the Niobrara
Formation,

Niobrara Formation - The Niobrara Formation is composed Primarily
of marine limestone, chalk and chalky shale (Varnes, D. G., and Scott R
G. R., 1967, p. 13 and Scott, G. R., 1962, p, 14). Thickness of the
formation ranges from 106 meters (about 350 feet) in the Golden area to

5 the lower member ig termed

Pierre Formation - The Pierre Formation consists essentially of
1520 to 2130 meters (about 5,000 to 7,000 Teet) of medium to light ang

and several thin ones occur in the section (Van Horn, 1957). Scott (1963,
PP. 99-104) identified five major groups of strate within the Pierre

In the western part of the basin, the Pierre is upturned sharply
2gainst older sedimentary rocks, Dips average between 30° and 70° except
where local structural conditions caused the formation, or at least parts
of it, to stang vertically or exhibit overturning, Surface exposures of
the Pierre have been thinned by the Golden fault ana intermittent1y
thinned by the Rampart Range fault,

wt the entirety of the study area, the Pierre is poorly exposed except
D road and stream cuts, The age of the Pierre is based on paleontologi-

al evidence, It is in transitional contact with the overlying Fox Hills
ormation,

Fox Hills Formation - The boundaries of the Fox Hills Formation have
%en a subject of controversy for many years. Because thig report is
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ground water oriented, it in no way intends to solve stratigraphic problems,
Instead, there is more or less agreement with statements by Lovering and

others (1932, pp. 702-703) which involve a sand-shale sequence which repre-
sents a final phase in the transition from marine to continental deposition.

- The Fox Hills Formation consists of a sequence of sandy shales inter-
bedded with thin sandstone layers near its base and thick layers near the
top. Thickness of the sequence ranges from a feather edge in the outerop
ereas to about 61 meters (about 200 feet). The lower part of the Fox Hills

~consists of an average of about 45 meters (about 150 feet) of relatively
soft, yellowish-brown to olive-brown, sandy shale interbedded with thin
leyers of limey sandstone which are locally fossiliferous end concretionary.
The upper part of the formation consists of an average of 15 meters (about
50 feet) of medium-bedded to massive, soft to medium hard, olive-brown to
tan sandstone interbedded with very thin layers of silty shale, This sand-
stone is often referred to as the Milliken Sandstone Member of the Fox Hilis -
Formation., Ienticular ferrugenous concretions ere common., Kuhn (1968, p. 7)
observed silty shale layers several meters thick in the northeastern part of
the project area.  Faunal and floral fossils are common throughout the
series, Emmons and others (1896, p. T1) state that the upper sandstone is
noteworthy because of its position as a cap to the great thickness of Cre-
taceous clays and shales below it » its wide areal extent, abundant fossil
remain, and its marked lithologic difference from the overlying basal sand-
stones of the Laramie Formation.

In the northern part of the project area , the Milliken Sandstone is
locally separated from the basal Laremie sandstone by 6 to 30 meters
(about 20 to 100 feet) of generally dark-gray, sandy, foraminiferal, locally
lignitic shale (LeRoy, 1946, pp. 87-88). '

The average dip of the Fox Hills Formation in the western part of the
Project ares is about T0° toward the northeast. Locally, dips are near
vertical to overturned. Throughout most of the eastern portion of the
area, the formation dips 6 meters per kilometer (approximately 30 feet per
miles toward the deepest part of the Denver Basin. The formation is gen-
erally poorly exposed except in highway and railway cuts and along the
banks of certain streams, Typical exposures of the Fox Hills Formation
and the basal sandstone of the Laramie formation include: a Denver and
Rio Grande Railroad cut in SW, Sec, 21, T25, R7OW (somewhat north of the
project area); a road cut along Alameda Parkway in SEL of Sec. 23, Tis,
R7OW; in the W3, Sec, 21, TIAS, R6LW; along the east bank of Black
Squirrel Creek in Sec, 18, T155, R62W; in the vicinity of Cedar Point in
Sec. 12, T8S, R58W; in the vicinity of Poison Springs, Adams County in
Secs. 17 and 18, T85, R56W; and on Wildcat Road in Sec, 27, TN, RETH.

The Fox Hills Formation is dated on the basis of both paleontologic
and lithologic evidence. It is unconformably overlain by the basal
smndstone facies of the Laramie Formation.

laramie Formation - The Leramie Formation, of late Cretaceous age,
includes those strata occupying the interval between the Fox Hills Formation
and the basal sandstones of the Dawson Group. The Laramie consists of a
thick series of predominantly olive-gray and pele yellowish-brown, clayey
shale, interbedded with frequently iron stained, light-gray, tan and dark-
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browvn, fine to medium-grained quartzose sandstone, carbonaceous
shales, claystone, and sub-bituminous to lignitic coal seams.,

The coal seams range in-thickness from several centimeters to

gbout 3 meters (about 9 feet) and are Present in several strati-
graphic horizons., The sandstones are’locally white, contain a small
amount of argillaceous matrix, and near the base amy top contain
irregularly shaped, generally iron oxide cemented concretions,

locally the cementing material is limonitie, and result in the forma-
tion of ridges and hogbacks (Reichert, 1954, p. 15) Fossils are
abundant throughout the formation., Thickness of the formation ranges
from)a. feather edge in the outerop areas to 152 meters (about 500
feet),

$
The Iaramie Formation is considered by most investigators to
consist of two parts, a lower bart composed Predominantly of sand-

196k, p. 23), (table 1, rl. 3). The lower 30 to 80 meters (100 to 260
feet) of the Laramie consists of a series of thin-bedded, white to
yellowish-—orange and tan, quartzose sandstone interbedded with seams

of lignitic shale ang coal, and two generally prominent beds of Yellow-
ish-brown to tan ang light-gray, medium-gra.ined, quartzose sandstones,
The two sandstone beds form the base of the Laramie and from the base
upward are termed the A and B sandstones. An intervening thickness of
about 2 to 6 meters (about 5 to 20 feet) of shale commonly separates
the two sandstones, The A ang B generally range in thickness from 12
to 30 meters (about %0 to 100 feet); B is generally thicker than A by
about 60 percent, Kuhn (1968, P. 95 reports that the B sand is capped
by as much as two meters (about six feet) of hard carcareous sandstone,
The cap is said o0 be locally responsible for the Very prominent deflec-
tion on electrical resistivity logs (pl, 3).

A third sandstone, C, has been reported to exist 10 to 18 meters
(about 30 to 60 Teet) above B (Emmons ang others, 1906, p. 74) but its
small size, 2 to 3 meters (about 8 to 10 feet) thick, and its position
with respect to other sandstones in the same general horizon make
identification ber se difficult,

The upper part of the Laramie Formation consists of 90 to 120
meters (about 300 to 400 feet) of bluish-gray to olive-gray and pale
yellowish-brown, clayey shale, interbedded with Siltstone, lignitic
shale, workable coal seams and lenticular beds of medium to fine-
grained quartzose sandstone, Irregularly shaped, iron oxide-cemented
concretions occur in the upper sandstone layers, Electric logs of the
Iaramie reveal that certain sandstone layers near the middle of the
formation can generally be traced throughout much of the central portion
of the project area., In this report, the top of the Iaramie is identi-

Iaramie outerops are widely distributéd throughout the mountain
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pits, ang &8 prominent ‘topographic Teatures where some of the
sandstones are cemented with ferruginous meterial. The formstion has beer

The age of the Laramie Formation is based on paleontologionl evi-
dence, It is Junconformably overlain by the basal conglomerate of the
Dawson Group.

Upper Cretaceous and Lower Tertiary Rocks

Dawson Group - Use of the term "Dawson" for most of the strata over-
lying the Laramie Formation has been g subject of controversy for many
years. This report is inclined to agree with Emmons and others (1896,
PP, 151-2-1), Reichert (1956, pp. 107, 111), and McConaghy and others

s P. 5) in that the strata can be subdiviged on the basis of litho-
logy and mepped in areas of outerop,

In the past, investigators have epplied the terms Arapahoe Formation,
Arepahoe Conglomerate » Denver Formation, Arapahoe-Denver Formation, Dawson
Arkose and Dawson Formation to the strata, Because the units more or less
exhibit the same general lithologic Personality and because the terms
Arapahoe, Denver, and to g certain extent, Dawson, are assigned to specific
horizons, the use of the term "Dawson Group” is proposed to encompass the
entire section,

In this report, the term Dawson Group embraces in ascending order:
the Arapahoe Formation, Denver Formation, ang Dawson Arkose, Observat:ons
in the field, investigation of the literature ang examination of g large

lower 30 to 60 meters (200 to 200 feet) of the formation consists of light-
tan to light-brown and locally yellow to reddish-brown conglomerate ang
conglomeratie sandstone interbedded with coarse, quartzitic sandstones and
beds of elay 3 to 10 meters (10 to 30 feet) thick, Large, sandy, ferru-
ginous concretiong up to several feet in diameter are common in the east-
€rn prairie lands, The lowermost sandstones of the Arapahoe Formation




might be of Laramie age, but are included in the Arapahoe Formation
for hydrogeologic burposes. Locally, the sandstone and conglomerate
of the lower Arapahoe are unevenly developed and assume the nature
of a coarse lenticular sandstone (Emmons and others , 1896, p. 153).

The lower Arapahoe is known locally as the basal Arapahoe,
Arapahoe Conglomerate, and Arapahoe sands. Surface recognition of the
lower Arapahoe is relatively easy in the western and southern parts of
the Denver Basin in areas of relatively high erosional relief, Through-
out most of the remaining prairie land east of the Foothills the lower
Arapahoe is covered by surficial deposits; good exposures occurring
along the steep-sided banks of only a few streams, :

The upper 122 to 152 meters (400 to 500 feet) of the Arapahoe
Formation loeally differs from the lower part in that textures are finer
and colors are generally darker. Reichert (1953, p. 19) reports that
shales, siltstones, and sandstones contain detrital hornblende and
augite in increasing amounts toward the top of the formation,

Subsurface idéntifica.tion of the Arapahoe Formation is facilitated
by use of E-logs (pl. 3), high quality geologic sample logs, and correla-
tion with logs of surrounding wells,

Along the foothills, the Arapahoe Formation dips steeply eastward
at slopes generally ranging from 40° to 70°, and is locally vertical to
overturned. In other rarts of the project area » the formation dips
gently toward the center of the Denver Basin at slopes of about 3 to 11
meters per kilometer (15 to 60 feet ver mile),

The late Cretaceous age of the Arapahoe Formation is based on
Paleontologic evidence, The Arapahoe is overlain by & thick sequence
of predominantly dark-colored shales and sandstones of the Denver
Formation,

Denver Formation - The Denver Formation consists of a series of
poorly-bedded to cross-bedded, Predominantly light-gray to dark-brown,
51lty claystones and shales > and tan through light-brown and greenish,
andesitic and basaltic sandstones and conglomerates. Workablo euot
Seams are present throughout much of the project area, Along the foot-
hills west of Denver, the upper rart of the Denver Formation includes
76 meters (about 250 feet) of basalt flows which cap North and South
Table Mountains, Remnants of the flows continue southward for several -
miles,

The materials of the Denver Formation include considerable debris
derived from the erosion of basaltic and andesitic lavas which gives
‘the Denver Formation a Pronounced lithology generally recognizable
throughout the study area. The nearly complete absence of granitie
and metamorphic debris imparts a generally Pronounced darker color to
the formation; as opposed to the lighter color of the underlying Arapa-
hoe and overlying Dawscmn Arkose,

The base of the Denver Formation is taken as the top of a "buffer

zone" of 15 to 30 meters (50 to 100 feet) of shale at the base of the
120 to 240 meter (40O to 800-foot) section of sedimentary debris, which
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Spontaneous potentigi and resistivity logs (p1. ’3), and on geologic sample
logs of the highest quality, .The buffer Zone provides hydraulic separatior
between the Arapahoe ang Denver aquifer systems, In application, if this
aulic separation ig to be maintained, it is Suggested that no water
wells be Perforated in the buffer zone,

Thickness of the Denver Formation ranges between 120-240 meters
(about koo and 800 feet) throughout most of the basin, The best exposures
of the Denver Formation ocour along the.banks of steep sided valleys and
in streanm cuts, Except along the east flank of the foothills, the Denver
Formation dips very gently toward the structuml center of the Denver Bagin
8t 2-3 meters per kilometer (about 10 %o 15 feet per mile),

The sediments of the Denver Formation were deposited by aggrading
streams as alluvial fens, and as lake deposits on an extensive piedmont
Plain, fThe age of the Denver is late Cretaceous in the lower part and
early Tertiary (Paleocene) in the upper rart., A complete discussion of
the dispute Surrounding the age ang extent of the Arapahoe ang Denver
Formations ig beyond the ‘Scope of this ieport.

The Denver Formation is disconformably overlain by light-colored
arkosic sandstones, conglomerates and clays of the Dawson Arkose.

Dawson Arkose - In this report the Dawson Arkose includes a1l of the
predominant]y quartzose sedime.ntary debris above the predomina.ntly dark-
colored sequence of andesitic, micaceous, carbonaceous sandstones and
shales of the Denver Formation 1ying below the cliff-forming Castle Rock
Conglomerate, In this report, the Green Mountain Conglomerate of the
Golden-Morrison area is considered gg being a member of, or at least
stra.tigraphically equivalent to, the lower rart of the Dawson Arkose,

gray to ye.'l.lowish-gray and orange to DPale-reddish ang moderate-brown con-
glomerate, sandstone, ang clayey shale with local beds of pale-green
shale and lenses of lignitic coal, Much of the sandstone ig micaceous and
arkosic with grain sizes averaging that of very coarse sand, Individual

tops thus causing the formtion of pedestal-like erosion remnants, These
are common along the foothills south of Castle Rock, Some conglomerate
beds are cementeg vith & hard, dense siliceous.material, Such beds are
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highly resistant to erosion, and when broken, the fracture Plane cuts
across constituent quartz pebbles., Scott (1967, p: 15) reports that

the two most common rocks of the Dawson are arkosic, micaceous sand-
stones and light-reddish-brown and light-green, sandy siltstone and .
claystone., Constituents common to most of the upper rart of the forma-
tion include pebbles of chert, rhyolite, quartzite sandstone, chalcedony,
granite fragments and scoria, Petrified wood and bone and leaf frag-
ments are found locally in the lower part of the formation,

In the southern part of the Denver Basin, the lower Dawson contains
distinctive beds of vhite, pink, yellowish-orange and light-reddish-
violet clay, and white sandstone, The clays are utilized in the cera-
mics industry, The white color of the sandstone is Ppossibly due to the
chemical alteration of feldspar,

In this report, the Green Mountain Conglomerate, outcropping only
on the top of Green Mountain west of Denver, is assigned to the basal
vart of the Dawson Arkose on thebasis of a marked erosional disconfor-
mity between it and the underlying Denver Formation, and lithologic
composition. Although the basal 15 to 45 meters (2bout 50-150 feet) of
the conglomerate contains an abundance of basaltic and andesitic debris,
the upper 82 to 113 meters (270-370 feet) is composed predominantly of
light-colored Precambrian rocks., The basal basalt-andesite member thins
southeastward where it grades into arkosic sandstones and conglomerates.

The top of the Dawson Arkose is marked by an average thickness of 8
meters (about 25 feet) of dense, brittle, locally porphyritic, pink,
brown or gray rhyolite (Kittlemen, 1956, p. 50). The rhyolite, which
might be more correctly classified as a welded tuff, caps isolated buttes
over a 1,036 square kilometer (400 square mile) area between Palmer Iake
and Sedalia., Kittlemen refers %o this volcanic material as the Douglas
Creek Rhyolite Member,

The Dawson Arkose covers about. 4660 square kilometers (1800 square
miles) of the central rart of the Denver Basin. It is exposed in most

The regional dip of the Dawson Arkose is 1 to 3 meters pver kilo-
meter (about 5 to 15 feet per mile) toward the east. Where the arkose
abuts against the Rampart Range fault, dips of about 20 degrees are
locally attained,

Castle Rock Conglomerate - The Castle Rock Conglomerate is a hard
cliff, forming pink to brown conglomeratic arkose. Measured thicknesses
range from a feather edge to nearly 90 meters (300 feet).

Kittlemen (1956, p. 54) divided the Castle Rock Conglomerate into
two parts. 1In sumnary, the lower part is & tan to brown, hard, very
coarse conglomerate with interbedded, hard, arkosic sandstone. The upper
rart is a light-tan to light-browm, moderately-hard, coarse grained,
arkosic sandstone cantaeining thin lenses of quartz pebble conglomerate,

The lower conglomerate is unique in that the size range of the
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constituent particles is extreme; fram a fraction of & centimeter to about
1 meter (about 3 feet) in diameter. It also contains a substantial quan-
tity of debris fram the Douglas Creek Rhyolite Member of the Dawson Arkose,

The Castle Rock Conglomerate caps pine-tree-covered buttes and mesas
in the south-central part of the project area. The outcrop pattern occurs
in a lineation roughly paralleling the longitudinal axis of the Denver Basir
structural trough. The Castle Rock is the youngest of the bedrock forma-
tions considered in this report. :

Tertiary Intrusive and Extrusive Rocks - In several places throughout
the Denver Basin project area, intrusive and extrusive igneous bodies have
invaded or capped older sedimentary rocks, North of Golden, along the
Ralston dike, several irregular intrusive bodies of mafic monzonite intrude
a faulted block of the Pierre shale, Capping North and South Table Moun-
tains are about 90 meters (300 feet) of dark-colored, latitic lava flows, in
part interbedded with tuffaceous sediments. These were given partial treat-
ment in the Denver Formation narrative. In the south-central portion of the
project area, the upper part of the Dawson Arkose is marked by a bed of
light-colored rhyolite approximately 8 meters (about 25 feet) thick.

Quaternary Rocks

Quaternary Surficial Deposits - Although the purpose of this report

is to examine the hydrogeology of the bedrock aquifers of the Denver Basin,
a cursory examination of the surficial deposits of the area is necessary.
At least 90 percent of the area investigated is covered by a thin veneer of
unconsolidated, predominantly water and wind-deposited, sedimentary debris,
This material is important not only because of its vast areal extent, but
elso because it might have local influence on rate and quality of natwral
recharge of ground water to underlying bedrock formations. Plate 2 shows
the areal distribution of the surficial deposits discussed in this report.
Outcrops of bedrock geologic units have been partially subdivided.

Pediment Gravel - Pediment gravels of different ages have been recog-
nized at scattered outcrops along the foothills from Jarre Canyon southward
to the southern part of the U, S. Air Force Academy. Areally, the deposits
resemble irregular alluvial fans extending outward from the crystalline
rocks of the foothills, The deposits oceur from slightly above modern
streambeds to heights approaching 120 meters (about LOO feet). Particle
size of the gravels' components ranges from silt to boulders 6 meters
(20 feet) in diameter (Scott, 1967, p. 20). Rocks belonging to the Dawson
Group are exposed along the steeper slopes of the dissected remnants of
the pediments. : :

Loess ~ The loess shown on plate 2 is & predominantly yellowish-brown
and locally olive-gray, sandy or clayey, locally calcareous silt, It has
a well developed columnar structure and generally weathers as vertical
banks, It occurs sporadically in the southérn one-half of the project
area within some of the large stream valleys and on gentle slopes. 1In
the northern one-half of the project area, the loess and the brown soil
developed upon it occupy at least 60 percent of the land surface.
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Colluvium - Colluvium is the geologic material deposited near the
base of steep slopes by the action of water and/or gravity, It includes
earth flows and slumps in soft sedimentary rocks and rockfalls in hard,
ridge-forming sandstones, ‘Colluvium is undoubtedly more widespread
than indicated on plate 2. The occurrences within the steep-sided strike
valleys along the foothills are mapped because they exhibit both earth-
flow and rockfalls, .

Older alluvium, eolian sand ete., undivided - Extensive » undivided
deposits of older alluvium, eolian sand, loess, and colluvium occur
along the foothills and south of Township 5 South in the remainder of
the project area, The older alluvium is the most widespread deposit in
the southern half of the rroject area. It is generally moderate-reddish-
brown along the foothills area and light brown to yellowish-brown in the
Prairie lands, The older alluvium exhibits & coarse texture, good strati-
fication ang is locally deeply weathered. It is generally interstratified
with small lenses of gravel and loess, 1In many of the wide valley bottoms
and along many gentle slopes, the alluvium is mantled by deposits of
loess and eolian sand. On most slopes developed on members of the Dawson
group, the alluvium includes lithosols. Because of the small scale of
the surficial geologic map, the alluvium necessarily includes stream
channel and terrace deposits in small valleys. Colluvium and older allu-
vium are hydrogeologically important because their water transmitting
capabilities affect the rate and quantity of natural recharge to bedrock
formations throughout most of the southern one-half of the Denver Basin,

Eolian sand - Deposits of pale-yenowishgbroxm to brown, clayey and
silty, Predominantly fine to nmedium-grained, quartz sand, mantle younger
deposits throughout much of the northern part of the project area ang
sporadically in the southern part. Topographically, the sand forms both
flat surfaces and low mounds, Although stabilized by plant growth in
most areas, blowouts have occurred in areas subjected to long periods of
high wind velocities, Eolian sand is hydrogeologically important because
its high infiltration rate and poor water retaining capabilities facili-
tate natural recharge of ground water to geologic formations below it,

Higher terrace deposits and colluvium - In this report, the temm
"higher terrace deposits and colluvium" refers to generally well deVel-
oped terrace deposits occurring above the floodplains of the Principal
stream systems. They are composed of coarse to fine-grained, poor to
well-sorted, generally well-stratified deposits of gravel, sand and silt.,
Colors are Predominantly dark-brown to Yellowish-brown and gray~brown.
The deposits are locally iron end/or manganese-stained, calcareous and
fossiliferous. Colluvial debris is present in the steeper valleys,
Because of the scale of the geologic map, the deposits include stream
channel and flood Plain deposits of several stream systems.

Recent stream channel and flooa lain deposits - The bottoms of all
recent stream systems in the Denver Basin are filled with unconsolidated
channel and floodplain deposits. The floodplein deposits are flat-
topped and composed of humic clay, silt and sand with interbedded zones
of clay and cobbles. Colors are generally brown, through yellowish-
gray and gray-orange, Roots, tree branches, and occasional fossil frag-
ments are found within the deposits. In most large valleys, the flood-
Plain deposits contain a rich alluvial soil., The channel alluvium of the
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recent stream systems is generally coarser and lighter in color than the
floodplain deposits, Particle size ranges from coarse sand through gravel
and boulders, The terrace, stream channel and floodplain deposits are
possibly a major contributor of ground water recharge to bedrock formations
Recharge obviously occurs along the contact between two types of formations
in areas where bedrock formations will accept water.

STRUCTURE

Much of the material presented in this section is taken from the .
Guide to the Geology of Central Colorado: Colorado School of Mines Quar-
terly, Vol. 43, No. 2, and from Varnes, D. J., and Scott, G. R. (1967),
General and Engineering geology of the Air Force Academy site, Colorado:
U. S. Geological Survey Prof. Paper 551. Figure 5 is a map showing the
major structural features of the Denver Basin,

The Denver Basin is a structural basin whose axis plunges northerly
from east-central Pueblo County and attains a maximum depth in the Denver
area, From Denver the axis swings northeastward, rises to a saddle in
the La Salle-Greeley area, then plunges northward into a trough centered
near Cheyenne, Wyoming. The Denver Basin is bounded on the west in Colo-
rado by the Rampart and Front Ranges. The northern and eastern struc-
tural boundaries extend beyond the state line into Wyoming, Nebraska, and
Kansas. The southern boundary is formed by the Apishapa and Las Animas
arches in southeastern Colorado (Moody, 1953, p. 1873, 1874). Sedimentary
formations from the Cambrian through the Tertiary are upturned along the
mountain front on the west flank of the basin (figs. 6, 7). At many
places such as in the Golden-Morrison area, Jarre Creek and Perry Park,
many beds are vertical or overturned. Hogback ridges and strike valleys
that resulted from such folding can be seen at Boulder, Red Rocks Park,
Roxborough Park, Perry Park, and the Garden of the Gods near Colorado
Springs. The upward and eastward pressure of the mountains ruptured the
strate from Boulder southward beyond Colorado Springs and caused a series
of large faults; mainly thrust faults, which parallel the mountain front.
Southward from Golden the faults are named the Golden fault, Jarre Creek
fault (possibly a continuation of the Golden fault) and the Rempart
Range fault., Additional disruptions of strata are caused by numerous
branch faults in the form of reverse faults, tear faults, and sliver
blocks. The faults bring Precambrian rocks into contact with all the
formations up to and including early Tertiary beds. Iocally, the faulting
has caused sedimentary beds to undergo extensive thinning, dragging and
displacement, Vertical displacement of sedimentary rocks ranges from 1524
meters (5,000 feet) in the Golden area to about 3,048 meters (10,000 feet)
in the Air Force Academy area north of Colorado Springs (Varnes, D. G. and’
Scott, G. R., 1967, p. 10). The fault planes of the major thrust faults
of the area dip toward the west at values gemerally ranging from about L5
to 75 degrees,

East of Boulder and in the north Metropolitan Denver area is a group
of northeast trending feults which extend from the Precambrian basement
to the surface., The possibility that the faults extend as far east as the
Derby area has been demonstrated by earthquake activity.
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Numerous smell folds are reported to exist along the foothills belt
(Stewart, W. A., 1955, p. 29), Examination of existing informtion
suggests that the folding does not extend east of the foothills belt
and has only & minimal effect on the overall structure of the basin.

Folding is suggested in the northeastern part of the project
area by the irregular nature of the contours on the top of the Laramie-
Fox Hills aquifer (plate 4). However » the sinuous nature of the contours
is probably due to the differences in elevations of the "picks" for the
top of the L-F aquifer. In some wells, the basal Laramie sands were
significantly developed above the B sand and warranted picks above the
normal top, The probability that this area is not folded is in part
substantiated by a structure contour map of the base of the lowermost
potential aquifer sand in the Fox Hills Formation (plate 5).

GROUND WATER IN THE BEDROCK FORMATIONS

OCCURRENCE AND CIASSIFICATION OF THE AQUIFERS

By definition, an aquifer is a geological formation, group of for-
mations, or part of a formation containing sufficient saturated permeable
material that can yield a sufficient quantity of water thay may be
extracted and applied to beneficial use.

In the Denver Basin study area, several of the previously discussed
bedrock formations meet the above réquirements, In ascending order from
the Precambrian basement, the principal aquifers are the Fountain and
Lyons Formations, the upper and lower parts of the Dakota Group, the
Laramie-Fox Hills aquifer (the combined thickness of the Milliken Sand-
stone Member of the Fox Hills Formation and the A and B sandstones of
the Laramie Formation), the middle part of the Laramie Formation and
the Arapahoe, Denver, and Dawson Formations. Surficial geologic forma-
tions and the erystalling rocks of the Front and Rampart Ranges arc not
considered in this report.

The pre-Pennsylvanian sedimentary rocks described in the geology
section of this report are not considered as being prineipal aquifers
even though one or more of the units might contain water. The outerop
area of the formations is limited to & very narrow, discontinuous strip
along the Rampart Range fault between Perry Park and Colorado Springs.
At Colorado Springs, the outcrop area expands and swings southwestward
toward the Ute Pass fault 5 an area which is considered out of the sphere
of interest of this report, Eastward from their outcrops along the
Rempart Range fault, the formetions are too deep to consider them as
economic sources of ground water,

Numerous post-Pennsylvanian formations which occur within the
bounds of the study ares are not classed as principal squifers even
though they might contain water. These formations are predominantly
limestone, shale, and clay and are generally incapable of transmitting
sufficient quantities of water to wells. Frequent reference can be
found in the literature concerning the limited water-bearing charac-
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teristics of such strata., Perhaps limited quantities of water can be
withdrawn from the formations, but the supplies are local, probably short
lived, and generally of substandard quality., Strict application of the
definition of an aquifer is sufficient to disqualify most of the strata
in question.

The Pennsylvanian and younger rocks which are classed as principal
aquifers are assigned varying degrees of importance depending on areal
extent, depths to the water-bearing horizons, and quality and quantity of
water available for withdrawal.

The Fountain Formation, Iyons Sandstone and Dekota Group are known
to yield generally small quantities of water to wells drilled in or near
the outcrop area., They are important aquifers only within and near their
outcrops along the westernmost edge of the project area.

The massive sandstone of the Fox Hills Formation and the basal tand-
stones of the laramie Formation are known to yield small to moderate
quantities of water to most wells in an areal extent of about 12,950
square kilometers (5,000 square miles). The sandstones, which are collec-
tively referred to as the L-F aquifer are, therefore, classed as a major
aquifer, Sandstones in the upper part of the Laramie Formation have been
locally utilized for sources of water to small capacity water wells
throughout most of the Denver Basin.

The basal sand unit of the Arapahoe Formation has proven to be a
reliable source of water for all purposes throughout the Denver Basin,
hence its classification as a major aquifer. The Denver Formation should
be classed as a major aguifer because of the areal extent of the sand-
stones within it and because of the generally good quality water that is
obtained from it. The coarse arkosic sandstone of the Dawson Arkose is
a reliable sowce of water for all purposes throughout most of its areal
extent and is considered a major aquifer., Table 1b is & condensed sumrary
of the hydrogeologic characteristics of the formations discussed in this
report.

HYDROGEOLOGIC PROPERTIES OF THE FRINCIPAL AQUIFERS

Fountain Formation and Lyons Sandstone

The Fountain Formation and Lyons Sandstone are treated .as a wunit
because they have similar hydraulic properties and are in juxtaposition
from a regional standpoint. In the past, the Fountain and Lyons aquifers
were frequently developed together as one source of water, Current
practice is to develop each aquifer separately.

Natural and artificisl recharge. Natural recharge to the Fountain
and Lyons aquifers occurs as seepage from precipitation and as seepage
from the many eastward flowing streams which breach strike valleys and
hogbacks in which these formations are exposed or lying near the surface.

Annual precipitation on the outcrop area of the Fountain and Iyons
aquifers averages 41 centimeters (about 16 inches). Normal May -
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September precipitation is 46 centimeters (about 18 inches). Since much
of the winter (October - April) precipitation occurs when the arca's
surficial deposits are partially frozen and are subjected to high wind
movement, it is suggested that the "effective" precipitation occurs
during May - September, Although detailed hydrogeologic investigations
are required in order to determine whether recharge occurs and its
quantity, estimates have been made by assuming the anmial recharge can
be approximated by the annual withdrawels of water from the estimated
25-35 wells penetrating the aquifers. Annual recharge from precipi-
tation in the northern half of the basin, therefore, ranges from near
zero in the cemented portions, to 0.05 to 0.13 centimeter (0.02 to 0.05 .
inch) in the friable zones and in fanlted areas. This would amount to
18,500 to 37,000 cubic meters (about 15 to 30 acre-feet) per year.

The precipitation recharge rate in the southern outcrops is probably
in the same range as that in the north, or from near zero to possibly
0.13 centimeters (O.d+ to 0.05 inch)., This would amount to 20,970 to
25,900 cubic meters (17 to 21 acre-feet) per year in the southan part
of the outcrop area, It is possible that since the Fountain and Lycns
aquifers have not been extensively utilized as aquifers in the southarn
part, much of the potential recharge is rejected. In other words, the
aguifer might be "full" and no recharge can occur until withdrawals take
place. The validity of this suggestion will probably be tested sometime
in the near future when the area beccmes developed and more detailed data
is acquired.

Additional recharge to the Fountain and Iyons aguifers possibly
occurs where streems cut the formations along the east flank of the foot-
hills. The recharge occurs where water saturated sand and gravel of the
stream bottom contact permeable, unsaturated sand and gravel horizons of
the subject formation. Major stream systems vhich might contribute to
such recharge include Clear Creek, Bear Creek, Turkey Creek, Deer Creek,
West Plum Creek aml the South Platte River. Because the area over which
such direct recharge can occur is so smll, it is suggested that this
quantity of the recharge is minimal when compared to other sources.

The Fountain and Lyons aquifers are possibly artificially recharged
by the infiltration of water through water diversion and storage works
which are in contact with those formations, Sites where such recharge
could occur include the Golden, Welch and Church Ditches near Golden,
the Highline Canal, Platte Canyon Ditch and the Denver Water Board fil-
tration ponds near Kassler. That significant recharge to the Fowmtain
and Lyons aquifers occurs along streams and water diversion works is
only a possibility. Detailed hydrogeologic investigatims are required
to either support or oppose the suggestions regarding such recharge.

A small quantity of water is probably recharged to the Fountain
and Lyons aquifers as infiltration of sewage and excess lavn and garden
jrrigation water at homesites and commercial establishments.

Netural and artificial discharge. The only apparent discharge of
water from the Fountain and Lyons aquifers occurs through well pumpage.
Well records at the Colorado Division of Water Resources indicate that
20-25 wells penetrate the Fountain and Lyons aquifers. Unregistered
wells may total 5 or 10. The number of wells penetrating the aquifer,
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therefore, ranges between about 25 and 35. Most of the wells are classed
as domestic . . . four are registered for commercial use. If the number
of people utilizing Fountain-Lyons water lies between 80 and 160 and the
daily per capita consumption of water ranges between 190 and 380 liters
(50 and 100 gallons), the anmal withdrawal of water ranges between 6,170-
22,200 cubic meters (5 and 18 acre-feet)., Withdrawals approaching 37,000
cubic meters (30 acre-feet) per year are not unreslistic when lawn-garden
requirements and modern household luxuries are considered.

Hydrasulic properties of the aquifer. The artesian nature of the
Fountain and Iyons equifers is evident in wells by the rise in water
level above the bottom of the upper confining beds. The major upper con-
fining bed is the Lykins Formation (predominantly shale and limestone).
The lower confining bed is the Precambrian basement in the northern half
of the Denver Basin and the Glen Eyrie Formation or Sawatch Sandstone in
the southern half of the basin. Confining beds within the aquifers have
been formed by thorough cementation of sandstones by ferruginous and
siliceous matter.

Logs of existing water wells jndicate that depth to water in the
Fountain and ILyons saquifers ranges from O to aboub 76 meters (250 feet).
Minimal depths to ground water generally occur near the base of the Foun-
tain strike valley, Depth to water increases in an eastward direction
as the Dakota hogback is encountered. Static head ranges from zero to
91 meters (300 feet) along the foothills (fig. 6).

Most of the wells which tap the Fountain and Lyons aequifers are used
for domestic purposes since well yields are relatively small. The range
of well yields is 0.1 to LI liters per second (1 to 60 gallons per minute)
with an average of about 0.3 to 0.6 liters per second (5 to 10 gallons per
minrte). Wells producing an excess of 0,6 liters per second (10 gpm) are
probably more likely to occur in the vieinity of faults, Potential water
users in such areass should investigate their property in such light, as
the presence of & fault could make the difference between a poor, fair, or
an excellent well,

The Fountain Formation and Lyons Sandstone have not been extensively
developed as aquifers; consequently, aquifer properties are imperfectly
understood. Pump test data are available for several wells which tap the
beds and are used to estimate the aquifer parameters. It is believed
that the water-yielding parts of the aquifer occur generally in beds or
zones fram 1.5 to 6 meters (5 to 20 feet) thick,

Specific capacity, the ratio between discharge and drawdown, of
existing wells ranges between 6,2 X 107% and 0.207 liters per second per
meter of drawdown (0,003 and 1.0 gallon per minute per foot of drawdown)
with an average oF about 0.0l liters per second per meter (0,05 gallon
per minute per foot)., The transmissivity of the aquifer was found by
emperical methods to lie in the range of about 0.62 to 1.24 square meters
per day (50 to 100 gallons per day per foot width of aquifer). Hydraulic
conductivity of the aquifer is estimated to range between 0.205 snd 0,41
meters per day (5 and 10 gallons per day per square foot of agquifer).
Although data are lacking, estimates of the storage coefficient and spe-
fic yield are assigned as follows: Storage coefficient 0.0001, specific
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yield 2 to 5 percent. The figures are subject to re-evaluation as more
data become available, '

Quantity of water available for withdrawal. The quantity of water
stored within the Fountain and Iyons aquifers is probably considerable,
However, the quantity which can be recovered is limited by the aquifer's
steep eastward dip, hydraulic properties, and displacement by faulting.

The following estimate of stored and recoverable water in the
Fountain and Iyons aquifers is based on maximm well depths in the range
of 300 to 460 meters (1,000 to 1,500 feet), and treatment of the exploit-
able part of the aquifers as wedge-shaped solids. In the northern part
of the basin (Golden to Kassler) the quantity of water stored in the
Fountain Formation is estimated to range between 78.9 X 10g and 360 X
10° cubic meters (64,000 and 292,000 acre-feet); the qugntity in the.
Iyons Formtion is estimated to range between 36.4 X 10° and 90 X 10
cubic meters. (29,500 and 73,000 acre-feet). In the southern part of the
basin, the quanic:éty of water stoged in the Fountain Formation ranges be-
tween 149.3 X 100 and 372.5 X 10° cubic meters (121,000 and 302,000
acre-feet); the quanti stored in the Iyons Formation ranges between
37 X 100 and 93.8 X 10° cubic meters (30,000 and 76,000 acre-feet).
About 30 percent of the above values is estimated to be recoverable.

The Dakota Group

Water from the Dekota Group is obtained from sandstones in the
upper 30 meters (100 feet) of the South Flatte Formation and the Iytle
Formation. The shale separating the water-bearing sandstones commonly
does not yield water to wells, Wells which successfully tap the Dakota
are generaelly located a short distance east of the outcrop and range in
depth from 30 to 305 meters (about 100 to sbout 1,000 feet), Because of
the group's steep eastward dip and displacement by faulting, and an
eastward deterioration of water quality, only a fraction of the Dakota can
be utilized as a source of water (fig. 6).

Netural and artificial recharge. Natural recharge to the water-
bearing horizons of the Dakota Group originates as downward percolation
of precipitation and as,seepage from streams which cut the Dakota hogback,

The average annual precipitation which falls on the area occupied
by the Dakota Group is about L0 centimeters (about 16 inches). Average
May - September precipitation is about 20 centimeters (8 inches). For
reasons suggested previously (Fountain-Lyons snalysis), the effective
precipitation is believed to occur during May - September. Much of the
precipitation which falls on the Dakota Group is probably lost as runoff
on the east and west flanks of the hogback, and as evapotranspiration.
The recharge is probably casiderably Jess than 0.2 centimeters (about
0.1 inch) throughout the project area.

The water-bearing sandstones of the Dakota Group are possibly re-
charged by seepage of water through stream channels at water gaps in the
hogback, Like the Fountain-lyons aquifer, the permeability of the Dakota
is so low that most of the potential recharge is rejected, Major stream
systems which might contribute to such recharge include Bear Creek, Turkey

(32)




- uopjewlqy @oyedely ‘BY :papiaipun suojjeunIoy ayweJe] pue SIITH Xod ‘g
‘uoneULC 21197d ‘dy ‘uolieulIod uojusg ‘qy :dnaip e30%Red ‘PA ‘UoTIewIai UOSTIION
‘wf {uopeWIO 981D UCISTEY '5i[ ‘uojieuniog SUTHAT ‘Yl & rauoispues suod ‘Aid
!UOJIRWIO UfRIUNO] ‘Jdid ‘uenquieddld 'd :sjoquis d1boj0aD - dnoX pi0xed 9l
pue SuUOjIRWICI SUOAT pue ujejuUNo Ay} JO S3JeJINS ojjewopualod [RO13I0AY) pue
uoyjewo; doyedesy 8yl jo 1ied Jamoy 8y} ybnoyy Juswaseq ueniquedaild 3y} buimoys
*opRIO]o) ‘UOSTIOW Jedu S[11H00] ayy jo Jed weyyou 3y puo[e uoljoas ssoiD 9 aanbyd

0:iw v\m e vil 0

r—

Japwoiy | 13

—

A it )

00%4.0005

(A
o

dnos9 DIoN0Q 24U} L. 000L
JO 250,4n5 21432W01U230d

5uUOI}DWJOZ SUu0AT puD ulpuNOg 24} -
JO 290,45 132WOIUI00 2}150dWOD oomw.ﬁum

SJIW .

{2A2] D25

2aanan HOIIDAIR




Creek, West Plum Creek and the South Platte River, Recharge to the
Dakota from water percolating along the fault plane of the Golden fault
is possible,

The water-bearing horizons of the Dakota Group are possibly arti-
ficially recharged by the infiltration of water through the porous
bottoms of water diversion and storage works which are in contact with
the group. Sites where such recharge might occur include the Highline
Canal and the Platte Canyon Reservoir, both near Kassler.

The total quantity of recharge to the Dakota Group probably does- -
not greatly exceed the quantity of water withdrawn from wells which tap
it, Until evidence to the contrary is developed, it is suggested that
recharge to the Dakota ranges between 4,900 and 17,300 cubic meters
(4 and 14 acre-feet) per year. '

Natural and artificial discharge. The only apparent discharge
of ground water from the Dakota Group occurs throuch well pumpage. The
Dakota has not been heavily developed as an aquifer, and less than 20
¥novn domestic wells tap the Dakota, Assuming that the population
served by Dakota water ranges between 60 and 100 and a daily per capita
water consumption of 190 to 380 liters (50 and 100 gellons), the annual
withdrawal of water will be between about 4900 and 3600 cubic meters
(4 and 7 acre-feet) per year.

Hydraulic properties of the aquifer. The water-bearing horizons
of the Dakota Group can be defined as artesian. The upper confining
bed is the Benton Formation (predominantly shale) and the lower confin-
ing bed is the Morrison Formation (predominantly mudstone). The non-
water bearing horizon separating the two aquifers is composed predomin-
antly of shale,

Logs of existing water wells tapping the Dakota Group indicate that
depth to water ranges from O to about 30 meters (about 100 feet)., Records
of water level changes have not been kept but the limited development of
the group has probably precluded significant declines. Recent expanded
growth of metro-Denver might eventually result in rapid water level de-
clines of a large number of wells are constructed to tap the Dakota
Group. The current static head ranges from zero to over 30 meters (fig.

6).

Yields of wells tapping the Dakota Group range from 0.126 to 3.15
liters per second (2 to 50 gallons per minute) with an average of one
1iter per second (about 15 gallons per minute)., Wells producing 15 or
more liters per second are most likely to occur sbout 400 meters (1320
feet) or more east of the outcrop and possibly near faulted areas, Very
little aquifer and pump-test data are available for the Dakota Group
along the foothills, Most of the aquifer constants on the group are
based on studies of the Purgatoire Formation and Dakota Sandstone of
southeastern Colorado, Specific capacities of the group range from 0,001
to 3.0 liters per second per meter of drawdown (0.007 and 1.4 gallons per
minute per foot of drawdown) with an average of 0.07 liter per second per
meter (0.34 gallons per minute per foot). The transmissivity of the
Dakota Group as & whole is believed to range between 0.62 and 5 square
meters per day (50 and 400 gallons per day per foot width of aquifer with
an average of about 2 liters per second per meter (150 gallons per minute
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per foot)., Hydraulic conductivity of the Dakota is estimated to be about
0.12 meters per day (3 gallons per day per square foot). The coefficient
of storage and specific yield are estimated to be about 0,001 and 10
percent respectively.

Quantity of water available for withdrawal. The steep eastward dip,
limited hydraulic properties, displacement by faulting and economic re-
straints, restrict the volume of exploitable aquifer., If well drilling
operations are economically restricted to depths less than 460 meters
(1500 feet), the total saturated volume of material is 1115 X 10° cubic
meters (about 904,000 acre-feet), With a specific yield of 10 percent
and a recovery factor of 50 percent, the quantity of presently recoverable
water is about 55.5 X 106 cubic meters (45,000 scre-feet).

Laramie-Fox Hills Aquifer 1
: Y

The Iaramie-Fox Hills aquifer is the oldest of the major aquifers
within the Denver Basin project area., It also covers the largest area
of the basin in that its outcrop pattern nearly circumseribes the area
investigated., The laramie-Fox Hills aquifer, referred to as the L-F
aquifer, is so named because the water-bearing horizon includes in ascen-
ding order, the Milliken Sandstone Member (or massive sandstone member)
of the Fox Hills Formation, and the A and B sandstones of the overlying
Laramie Formation, Generally, the sandstones are separated by 1.5 to 6
meters (5 to 20 feet) of shale although in some areas shale is a minor
constituent and the aquifer consists of & relatively unbroken sequence of
sandstones (pl. 3).

The boundaries and shape of the L-F aquifer can be best described
with reference to the bedrock geologic map and structure contour map of
the top of the L-F aquifer (pls. 1, and 4 and fig. 7). The boundaries
of the aquifer are its outcrop areas in the east and southern portions
of the basin, the outcrops and faulted portions along the foothills and
the northeast-southwest trending fault zone north of Big Dry Creek. A
north~south trending line drawn through the nose of the ecomtours roughly
parallels the longitudinel axis of the Denver Bosin. East of this axis,
the L-F aquifer dips gently toward the deep portion of the basin underly-
ing Cherry Creek Reservoir., West of the longitudinal axis, the aquifer
is upturned against pre-L-F sediments which sbut ageinst Precambrian
rocks of the foothills., The aquifer is classed as artesian; the upper
and lower confining beds are the Laramie and Pierre Formatioms respec-

tively, :

The thickness of the L-F aquifer ranges from O in the outcrop areas
to about 120 meters (about 40O feet), The average thickness of the
aquifer is sbout 61 meters (200 feet). Thicknesses exceeding 61 meters
occur locally in the Denver-metro area and in the Black Forest region
in the south-central part of the basin. They can be attributed to the
thickening of the principal sandstones and the possible development of
several otherwise insignificant sandstones lying 30 to 61 meters (100 to
200 feet) below the Milliken Sandstone. In areas where the sands below
the Milliken are significantly close to the L-F aquifer and are of "suf-
ficient" thickness to form a potential aquifer, they have been included
as part of the main aquifer,
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Sandstones above the
developed, This becomes apparent by
of the structure contours of plate L.

"E" of the laramie Formation
examining the northeastern portion

are also unevenly

The asymetric contours in this

area are attributed to such uneven development of sandstones and not, as

one might believe,

to structural features.
vase of the lowermost potential water-bearing

Plate 5 shows contours on the
horizon in the Fox Hills

Formation and exemplifies the relatively even structure of the lower

horizons.

of net sandstone

The quantity
to 250 feet).

30 to 76 meters (100

equal thickness of net sand in the study area &8

examination of about 300 oil and water

l and plate 6 shows thicknesses of sand exceeding
occur along & relatively narrow band which nearly

the Denver Basin.
can be used as &

tudinel axis of
with other data,
terms of primary or

in the L-F aquifer
Plate 6 shows the distribution of

ranges from about

jnterpreted from the
Comparison of plate
46 meters (150 feet)
parallels the longi-
when used in conjunction

well logs.

vasis for examining the L-F aquifer in
alternative sources of ground weter.

Depth to the 1-F aguifer ranges from 0 at the outcrop to about 880

meters (2900 feet) in the higher elevations
) south of Franktown. Figure T illustrates
of the post-Pierre bedrock aquifers.

32 kilometers (10 to 20 miles
gencralized geologic sections

of the Black Forest, 16 to

Flate 7 is an isobath map of the top of the L-F aquifer and illustrates

the generalized depth to the aquifer.
over 600 meters (2000 feet) in much of

jt is spperent that the interplay between need,

tive sources of supply might influence

The L-F aquifer is
as has been brought out
is a cross section
j11lustrates with plate 3 the basis
the basin's principal aquifers.

Natural and artificial recharge.
peturally recharged by

outcrop, subcrop, and probably through

for

end in the structurally complex aree northeast of Golden.
ctreams probably occurs
foothills and possibly in the southermmost part of the study area.

of seepage from live

is a definite possibility that the L-F
colation of water through the
is possible that

for a major portion of the aquifer's recharge.
1970 indicate that, except locally,

imate potentiome‘hric surface for
regional movement

Plate 8 also shows where
infiltration of precipitation

best identified
in earlier discussion and in plate 3. Figure
of the post-Pierre portion

the flow of water through the overlying

of water in the aquifer is

Since depth to the aquifer is
the central part of the basin,
economics, and alterna-

its development.

in wells by use of electric logs;
of the Denver Basin and
using electric log data in locating

The Laramie-Fox Hills aquifer is

The infiltration of precipitation in areas of

along the foothills
Infiltretion
extent along the
There
by the per-
1t

fault traces
to a small

aquifer is recharged

1ines drawn on the approx-
the
from south to north (plate 8).

the L-F aquifer probably accepts direct
end seepage from streanm flow,

Recharge

from precipitation and streamflow seepage can occur only where the ele~

vetion of the
Areas which appear
(50 mile) length of outcrop in
280 Kilometer (175 mile) length
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the Limon area and
of outcrop area extending from Township
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15 South, Range 60 West clockwise around the periphery of the study area
to Township U North, Range 62 West.

U. S. Department of Commerce weather data indicates that the regional
average annual precipitation on the outcrop areas ranges from about 30
centimeters (12 inches) in the prairie lands to about 35 centimeters (1l
inches) along the foothills. Precipitation is more likely to result in
recharge to the L-F aquifer during the period May - September when the
average for the outcrop area is about 23 centimeters (9 inches). Consider-
ing the fact that precipitation occurs generally as thundershowers and
that these are commonly of short duration, intense, widely scattered, and
that many areas in the prairie lands experience extended rainless periods,
it is probable that only a small percentage of the precipitation adds to
the aquifer recharge.

The L-F aquifer is also recharged by water which occurs as seepage
along fault traces and along live stream cuts, The percentage that such
recharge adds to the 'total recharge to the aquifer is unknown, but is
thought to be small compared to that furnished by other sources. Con-
sidering the nature of precipitation and possible limited seepage of water
alorg fault traces and stream cuts, the recharge by such sources is tenta-
tively assigned a value of 2.54% millimeters (0.1 inch)., Extended over
roughly 773 square kilometers (191,000 a.cres% of outerop-subcrop area,
the a).nnua.l rate of recharge is about 20 X 10’ cubic meters (1600 acre-
feet), '

A major percentage of natural recharge to the L-F aquifer could occur
as downwerd percolation of water through overlying beds of clay and shale.
It has been suggested that although the permeabilities of clay and shale
are very small, large areas of confining material under a substantial
hydrostatic head can transmit apprecisble quantities of water (Davis and
DeWiest, 1956, pp. 224-229, 348, 349; Muskat, 1946, pp. 258-286; and Todd,
1959, p. 53). The transmission or leakance of water from shales to the
L-F aquifer occurs theoretically, during and after the creation of a head
differential produced by the pumping of & well, Comparison of plate 8
with plate 4 shows that throughout much of the central part of the study
area, the static head along the top of the L-F aquifer ranges from about
152 meters (500 feet) to slightly over 457 meters (1500 feet). The area
covered by at least 76 meters (250 feet) of head is sbout 10,530 square
kilameters (2,6 million acres). The maximum quantity of water which
could percolate through & confining layer having & hydraulic conductivity
of 4.1 X 103 meters per day (10-5 gallons per day per foot?) under a heed
differential ranging from 152 to 457 meters (500 to 1500 feet) is approxi-
mately 98.68 X 10° cubic meters (8,000 acre-feet) per year. -The total
quantity of natural recharge of water, including the maximum potential
regha:rge as leakance, to the L-F aquifer is estimated to be about 12,34 X
10° cubic meters (10,000 acre-feet) per year.

If artificial recharge of water to the L-F aquifer occurs, it probably
does so where the latter is cut by or is near earth-bottomed water diver-
sion ditches, Such recharge might occur due to seepage from Ward Ditch
or the Warrior Canal east of Morrison, and possibly as seepage from the
Platte Canyon Ditch and Highline Camal in the vieinity of Littleton.
Recharge from these potential sources is believed to be small compared to
that of other sources. Artificial recharge from sewage effluent, over
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irrigation, and excessive stock watering probably does not occur to a
major extent, The sources of such recharge are far removed from their
origin and are generally "ecaptured” by the more accessible shallow
ground water and surfece water systems.

Tha vossibility that the L-F aquifer is srtificially recharged
by secpage of water srom recent stream elluvial deposits has heen inves-
£izo%ed by 2ithy (1969), Kuhn (1968), and Owens (1971). The thesis of
¥uhn end Owens' report are based on & linear potentiometric surface,
wetor quality reletionships, and ground water and well hydraulics. Kuhn
(zr. 23.27) sucgests that the potent iometric surface of the L-F aquifer .
is o plare surface extending from the southern nose of the outerop north-
-7 :ea the vlaner potentiometric surface lies above the water table

W ".;.. Vrea
25 “he alluvivn-L-F :nterface, discharge f£rom the L-F aquifer occurs.
ihewe The weier Szble is higher than the potentiometric surface, the

igh

elluviel ground weter 1s recharging the L-F aguifer. Kuhn also suggests
1ot tha Gehericxabion of water quality of several L-F wells in his.thesis
coas 1 &ue to the enercachment of poor cuality voter Trom priveinzally
£i7on and Kicws valley elluvial deposits, Owens (197L. +v. 11.18)

oo czzehed the prodlen by the applicatiion of grownd xier tnd v -ing Wy~

crwzolics, He suggested that the sustained pumping of wells teryping the
a0k Tormaticns reverses the natural potentiometric gradient to the
5 that crownd water in surface alluvial deposits can be induced to

te thros tha alv Aisa-pedrock interfece and recharge +he bedrock

——y_ e e

Although sufficient data are lacking to establish recherge rates
znd teczuse of Gate mentioned in the natural discharge section to follovw,
s possinle thet extificial recharge due to a reversed ypotentiometric
grodient is presently negligible, However, the time is rapidly arxproach-
ing when the effects of extensive development of the L-F aquifer might
result in measursble degress of such artificial recharge. Such instances
will occur in srees which are presently experiencing & marxed growth rate
eznd a chenge fram predaninantly agricultural to an industrialized economy.
The potentiel eflects of such growth and change are treated in o later
section of this report.

Tetural and artificiel discharge. Ground water from the L-F aquifer
is discharged neturelly as seepage and possible spring activity in areas
where the aquifer's potentiometric surface lies above the elevation of
the outercp of suberop. Plate 8 shows that such areas possibly exist
siong en wpprowimetely 56 kilometer (35 mile) length of outcrop-subcrop
wetween Limon and the southern part of the outcrop pattern and along &
roughly 113 kilometer (70 mile) length of outerop-subcrop from a point

ebout 19 kilometers (12 miles) east of Byers northward to an area roughly 19

12lometers southeast of Greeley.

The suggestion that the L-F aquifer is naturally discharging water
zlong the outcrop-suberop southwest of limon is based on evidence that
the potenticmetric gradient in that part of the basin is locally sloping
toward the sowuth and possibly lies sbove the elevations of the outcrop-
subcrop zone, Other phenomens which suggest the possibility of dis-
chirge of ground water in this area are localized spring activity and
the presence of perennial reaches of streams in the upper reaches of
Rush and Horse Creeks and their tributaries which head in the region near
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Rush, Colorado, It is possioie shat the spring activity and peremnial
reeches of streams are cue t¢ the &ischarge of interflew from surficial
deposits. Additicnel field deta will heve to be examined before the
problem can be solved. '

The configuration of potentiometric contours and the presence of
other phenomena related to naturel discharge indicate that a substan-
tial quantityof weber @ischrgds from the Tate g TTers®n the forthess-
tern part of the study erea. tentiometric surface conbours based on
well date furnished Lo the State Engineer's cffice #ithiz the last five
years indicate that the éischarge of L-F water possibly occurs along much
of the 113 kilometer {70 miie) length of outerop-stberap described ebove
end indicateZ on plate 8. Thic suggestion is substzriiated b the exis-
tence cf severzl ficving wells which exist dovadip from the culcron ares,
the presence cf sesps, parricphyte goevth in local culerTp-EvDCTD
zones, and by werk sencmplizhed by BIOby (:663). In nis thesis (zT. 26-
37), Biboy suggests Ahgh the LY ecuifer is discharging vesser Shrouzhous
all of hies Theosis exrea.

Calculztions vsing hydraulic conductivities renging from 0.82 +o
1.43 meters per dsr [20-35 gaiions per day per square foot) and slope cf
potentiamet=ic swrface of Lk end 5 meters mer kilcmster {22 #nd 25 Teet
per mile) indicate that the total guantity of waler naturaily discharged
from the I.-F aguifer ranges from abews 66 X 107 %o 115 X 107 cubic meter
(5500 %o 9400 acre-feet).

Vater s extificislly withdrawn ©ran the L-T aquiver via 2 large
numoer of domestic, sbock, irrigetion, comerzial, inéustrial end muni-
cipal wells, Plszte 3 shews how wells iezping the 1-F squifer ere Cis-

~ituked within +he basin, Because of Lhe relesively shellaw Seplls,
most of the wells ars located within or near the cutercp-siberop Areas.

As cf winter 157%, there were agproximitely £0C w=Zls Znova o 52D
the L-F aquifer witkin the bounds ¢ the study arsa. Avcus A3 paresat cf
the wells ere classed as the domestic-sicci type. Uses o water from Shos2
wells include common household snd gardan requizenents ens the watering of
livestock. Well &ischarges average 1 iiter pev gecond (1S gelicns per
minute). There are abouv L6 pamiciral wells tapping the L-F agjuifer,

The number of municip2i wells within the Damver Besin vas &bt one tine,
much higher, but the evailability of water from many of the larger waver-
distribution companies, local pumping, and wzter gvality problems have
led to the temporary disuse of many L-F wells. T:e average discharge of
a typical mmicipsd. well in the basin is 5 litvers mcr second (sbout 80
gallons per minute). Records in the Suate Engineer's well Tiles show theu
23 wells tapping the L-F aquifer are ciassed as commersial e.r:.d/or indus-
trial, Industriel use impiies that the water is used in & menufactured
product, The typical commercial and/or industrial well in the basin dis-
charges water at the rate of I liters per secand (about 60 gallons per
minute), Only 16 wells are known to tap tne L-F aquifer far commercial
irrigation and/or stock purposes. The average discharge of these wells is
6 liters per second (about 90 gallons per minute).

In the past, there was same confusion regarding the definitions of
domestic, stock, commercial and mmicipal, and irrigation wells. The
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public wes only partly aware of the Colorado Ground Water Law and was
probably less aware of guidelines utilized by the State Engineer.
Consequently, there exists a considerable number of erroneously classi-
fied wells in the Denver Basin, For example, a well which produces
water for a sizeable trailer court might be on record as a domestic
well, and a well which is used for the watering of 5000 cattle in a
large feed lot might be classified as & stock well. Unfortunately, such
problems are identified and corrected only occasionally. Hence, there
is an inherent error in the reported number of wells in each category.
Table 2 lists the approximate total annual withdrawal from each type as
based on winter 1974 data.

A "safety" fector of 25 percent is included in the withdrawal
colum to account for the probability that most of the well records
report over-estimated yields and that most of the wells do not operate
on & 24-hour basis. In addition, most of the rural municipalities and
meny of the municipal wells within Metropolitan Denver are not metered,
hence, no regords are available as to ennual withdrawals. Teble 2 shows
that the avproximate annua) withdrawal of weter from wells tanping the
1-F aquifer is 203.5% X 10° cubic meters (about 16,500 acre-feet).

Hydraulic properties of the aquifer. Yields of wells which tap the
L-F aquifer presently range from one or two liters per second (several
gallons per minute) for typical domestic-stock wells to about 13 liters
per second (200 gpm) for properly designed municipal or irrigation wells.
Thus, 13 liters per second appears to0 be the maximum susteined yield of
wells tepping the aguifer; most "high capacity" wells in the L-F aguifer
yield about 6 liters per second (100 gpm). It has been reported that in
some areas north and south of Metropolitan Denver, the maximum sustained
yields of scme wells tapping the L-F aquifer are much less than 6 liters
per second, Whether the poor yield is due to locally poor agquifer pro-
perties or deterioration of the well is unknown in most cases, In scme
instances, however, the reduction of yield has been attributed to local-
jzed over-development of the aquifer. Specific capacities (ratio
between pump discharge and feet of drawdown) and other aquifer proper-
ties are given in table 3.

Plate 8 shows the approximate configuration of the potentiometric
surfece of the L-F equifer for 1975. The contours clearly indicate
those areas where declines occurred because of excessive withdrawals
of water. In Metropoliten Denver, there exist local instances of
flowing L-F wells in regions which have experienced excessive water-
level declines, The fact that some wells in these regions continue to
flow is an indication that the aquifer has a low hydraulic conductivity.

Availeble aquifer and pump-test date for the L-F aquifer indicate
8 wide range of values of draulic conductivity (K). Tests show that
the range is from 8.2 X 1072 to 1.k3 meters/day (0.002 to 35 gpd/ft%).
Based on the most reliable of the available date and supported by infor-
metion in Davis end DeWiest (1966, pp. 348,349) and in Todd (1960,
p. 53, and 1970, p. 206), and considering the fact that the L-F aquifer
is a good to excellent aquifer throughout most of the Denver Basin, it
is suggested that K be assigned to range generally between O.4l and 1.k
meters/day (10-35 gpd/ft). The transmissivity of the L-F aquifer ranges
bebween 12.1 and 87 square meters/day (1000-7000 gpd/ft).

(k2) -
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Aquifer end pump-test data indicate that the storage coefficient (s)
for the L-F ranges between 0.00012 and 0.21, The high values were obtained
from laboratory tests performed on core samples taken from outcrops within
the Metropolitan Denver ares, and in one case from a test performed on &
core of sandstone taken from a depth of 556.3 - 556.6 meters (1825-26 feet).
The average value of S for artesian conditions is assigned a value of 0.0004,
Under water table conditions, the value ranges from 0.07 to 0.21; the average
being 0.15. The percentage of drainable storage of the L-F aquifer is esti-
mated to range between 15 and 20 percent.

Quantity of water available for withdrawal, The total volume of
satwated L-F aquifer is approximately 5.5 X 10 cubic meters (437.8
million ecre-feet). Applying a specific yield of 15 percent, about 810.5
X 10° cubic meters (65.7 million acre-feet) could be drained by gravity.
The quantity which can be removed by wells is probably considerably smaller.
Applying the common "percent available to wells" factor of 50 percent
results in 405.2 X 10° cubic meters (32.9 million acre-feet) of water.
The quantity of water'in storage represented by the hydrostatic Nead is
about 863.53 X 100 cubic meters (0.7 million acre-feet). If all of the
Jatter could be withdrawn, the total quantity of presently recoverable
water is about 41Lk.5 X 108 cubic meters (33.6 million acre-feet).

Laramie Formation

Although that part of the Laramie Formation lying above the B sand-
stone is considered confining strata, there are two relatively prominent
sandstone horizons which have been assigned as potential aguif ers (pl. 3).
Although the two sandstones have not been developed to a great extent
within the boundary of this report, they are treated here because of their
potential, The sandstone horizons are generally 3 to 6 meters (10 to 20
feet) thick, are separated by 15 to 30 meters (50 to 100 feet) of shale,
and occur generally 30 to 60 meters (100 to 200 feet) above the L-F aqui-
fer. Plate 9 is a structure contour map of the top of the Iararie Forma-
tion.

Hydraulic properties of the aquifer. Since the upper Laramie sand-
stones are confined above and below by considerable thickness of clay and.
shale, and because existing data indicate the water level rises above the
bottoms of the upper confining beds, the production zone must bé classed
as artesian. Yields of typical wells tapping the upper Laramie sands
rance from 0.2 to over 1 liter per second (3 to over 20 gpm) with specific
capacities averaging 0.08 lps/m (0.4 gom/ft) (teble 3). Hydraulic con-
ducx':ivitieg of the Iaramie range from about 0,08 to 0.2 melers per day
2-5 gpd/ft®). Trensmissivity values range fron 1.6 to 3.7 square meters

.per day (130-300 gpd/ft). Based on meager data, the storage coefficient
and specific yield are assigned velues of 0.001 and 10 percent respectively.

Quantity of water available for withdrawal, Based on a plenimetrie
arcal extent of about 12,150 square kilometers (3 million acres), as
assigned combined thickness of 12 meters (4O feet) of sand, and a speci-
fic yield of 10 percent, the quantity of water recoverable by gravity
approximates 148 X 1010 cubic meters (12 million acre-feet). The quan-

" 4ity of water presently recoverable by wells is estimated to be 25 percent
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or about 37 X :LO8 cubic meters (about 3 million acre-feet).

Dawson Group

In ascending order, the formations included in the Dawson Group
are the Arapahoe Formation, Denver Formation, and the Dawson Arkose.
Each of the formations are considered as an aquifer because of the
presence of thick sandstone horizons within them, Although individual
sandstone layers are commonly separated by shale beds varying in thick-
ness from several centimeters to several meters (several inches to
several feet) some hLorizons are so thick that they can be developed as
if they were a single unit. (p1. 3).

The Dawson Group has experienced more groundwater utilization
than all of the other bedrock aquifers in the Denver Basin combined,
The reasons, for the extensive development are economics and water quality.
The Dawson Group has proven to be econorically desirvable to exploit be-
cause of the great range of depths which can be utilized as wator-bearing
horizons. Depending upon the quentity of water desired and location
within the basin, the well user can explore water-bearing strata ranging
in depth from 30 or 60 meters (100 to 200 feet) to about 760 meters
(2500 feet). The latter figure represents the approximate depth to the
Tase of the Arapahoe Formation in the south-central part of the basin.
The quality of water tapped from the formations within the Dawson Group
is usually more desirable than that from the L-F aquifer primarily becaus
jt is 10 to 15 degrees F cooler and does not possess excessive quantities
of dissolved gases.

The boundaries and general shape of the Dawson Group are illustrated
in plates 1 and 9, and in figure 7. The boundary at the base of the
group can be traced by the Laramie-Arapshoe contact in the prairie lands
east of the foothills and by the sharply upturned, and in places, down-
faulted areas alcag the foothills.

The basal aquifer of the group is the Arapahoe Formation. The
Arapahoe is generally 150 to 180 meters (500-600 feet) thick, composed
of predominantly sandstone and conglomerate, and has proven to be a
most relieble source of good to excellent quality groung water., At least
90 meters (300 feet) of sendstone is locally present.

Most of the individual sandstone beds of the Arapehoe Formation,
particularly those within the upper part, are lenticular in nature and
are difficult to trace for great distances. The sandstones of the basal
part, however, are S0 NUMErous and lithologically unique that they can
be easily identified by electric-logging methods and, when well exposed,
in the field. The Arapshoe Formtion is distinguished from the overlying
Denver Formation by overall texture, color, composition, and E-log charac-
teristics. Sands of the Arapahoe Formation are generally much coarser
and are lighter colored then those of the overlying Denver, there is &
general preponderance of sand over cley, and workable coal seams are rare,
The differences intexture and composition are generally revealed in most

E-log traces (pl. 3).
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Depth to the Arapahoe Formation ranges from zero to sbout 610 meters
(2000 feet) in the deeper perts of the basin, Plate 10 is & structure
contowr map of the top of the formation.

Overlying the Arapahoe Formation are the claystones, siales, sand-
stones and corglomerates of the Denver Formation. Unlike the Arapahoe,
the Denver Formation does not contain a thick series of closely spaced
sandstones which can be easily traced throughout the entire Denver Basin.
The sandstones thin considerably in an eastward direction and become
interfingered with thick sequences of clays and shales, Toward the south,
their development is very irregular; sandstones commonly grade into shale
within relatively short distances (Kittlemasn, pp. 29-37). Beds of lignitic
coal are locally developed.

Electrie logs and deta from various reports, which deal in part with
the Denver Formation, indicate that the most likely location of reliable
water-bearing strata occur in the lower one-half of the formation, Where
best developed, the "aquifer zones" of the Denver are composed of a 30 to
45 meter (100-150 feet) thick series of sandstones interbedded with shale,
Spot checks of E-logs indicate that the formation contains roughly 20 to
40 percent sand (pl. 3). Plate 11 is a structure contour map of the top
of the formation.

The Dawson Arkose consists of up to 335 meters (1,100 feet) of sand-
stone, conglomerate and shale. Like the Arapahoe Formation, the Dawson
Arkose has proven to be a reliable source of good quality ground water,
Although the Dawson contains considerable local thicknesses of clay and
shale, the regionally predominant material is coarse, arkosic, and
micaceous sandstone. The sendstones are irregularly dispersed throughout
the entire formation but appear to be thicker in the lower part and perti-
cularly thick near the foothills. Reliable weter well drillers' sample
logs of the formetion are rare, and until recently E-log dats was vir-
tually non-existant; hence information regarding the Dawson -Arkose is in-
complete. Examinetion of existing data indicates that the principal water
bearing horizon occurs in the lower 120 to 150 meters (400 to 500 feet).
The upper 150 to 180 meters (500 to 600 feet) does contain water-bearing
strata which generally are not as well developed as in the lower half.

Plate 3 illustrates the use of E-logs in identifying the Dawson
Arkose. Plate 11, which is a structure-contour map of the top of the
Denver Formation, is also & structure-contour map of the base of the
Dawson Arkose,

Much work needs tobe done before the aquifer characteristics of the
Denver Formation and Dawson Arkose can be accurately delineated. The
importance of obtaining E-log data for future investigations cannot be
overstressed, Indeed, it is the lack of such data that prevents detailed
examination of the upper formations of the Dawson Group. Due to emphasis 7
the Colorado State Engineer has recently placed on obtaining E-logs
from newly constructed water well bore holes, data regarding the Denver
Formation and Dawson Arkose will gradually become more complete.

Natural and artificial recharge. Natural recharge to the members of
the Dawson Group is derived primarily from the infiltration of precipita-
tion in areas of outcrop and subcrop, and probebly along fault zones which
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flank the foothills, Additional natural recharge probably occurs as
infiltration of seepage from many of the live streams which head in

the Black Forest region. The lower members of the group probably receive
8 measurable quantity of recharge through overlying clay-shale strata.

Although U. S. Department of Commerce jsohyetal maps indicate that
annual precipitation on the outcrop and subcrop areas ranges between 38
and 43 centimeters (15 and 17 inches), there exist several factors which
could reduce the formation's ability to accept recharge: (1) sumer pre-
cipitation, although frequently intense is generally of relatively short
duration and widely scattered; (2) the area enveloped by the Dawson Group
has an average annual evaporation rate of 140 centimeters (55 inches)

(U. S. Weather Bureau Class A pans); (3) much of the geologic material is
mantled by surficial deposits and vegetetive cover; and (4) the Dawson
Group has a low overall permeebility and its sandstones are markedly len-
ticular. The net effect of the above conditions is that natural recharge
to the group might be rejected in some areas and readily accepted in
others. Recharge that does take place probably occurs to a greater degree
during the spring from the infiltration of spring snowmelt and rainfall,

Undoubtedly, natural recharge of water to the Dawson Group occurs
via seepage through fault traces 2nd along live stream cuts. The per-
centage that such recharge adds o #e formations will remain unknown
until more detailed studies have Leen undertelen, It is probable that
the natural recharge from such sources is negligible compared to that
furnished by the infiltration of precipitation.

The assigned velue of natural recharge to the Dawson Group from pre-
cipitation gnd streamflow seepage is 1.27 centimeters (one-half inch) or
128.29 X 10° cubic meters (104,000 acre-feet) per year. The quantity of
potential recharge as percolation through overlying clay-shale strata is
highly speculative at this time. Since the potentiometric data are
lacking and the area occupied by the Dawson Group is only about 75 per-
cent of the area occupied by the L-F aquifer, the quantity of such
recharge or leakance is tentatively assigned a vg%ue of 65 percent of
similar recharge to the L-F aquifer of 6l.15 X 107 cubic meters (5200
acre-feet) per year, Total natural rechayge tothe Dawson Group is
therefore estimated at about 135.69 X 10° cubic meters (110,000 acre-feet)
per year.

)

Water is artificially recharged to the Dawson Group as percolation
of waste water from domestic/stock, irrigetion, commercial, industrial,
and municipal systems. Considerable investigation must be accomplished
before the quantity of such recharge can be accurately estimated. Because
the aquifer horizons gemerally lie at & considerable depth below the land
surface and that most of the waste water is lost as evapotranspiration or
is captured by shallow ground water or surface water systems, it is sug-
gested that such recharge is minimal when compared to natural recharge.

Natural and artificial discharge. As of this writing, there is some
evidence that members of the Dawson Group might be discharging water at
the surface. Discharge of interflow, overflow from perched water tables,
and possibly discharge of water from fault traces account for spring ac-
t+ivity which occurs in many parts of the Black Forest region.
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Based on limited potentiometric surface data and the probable exis-
tence of local discharge of water to underlying aquifers, it is estimated
that potential discharge of water by this means is about 64,15 X 107 cubic
meters (5200 acre-feet) per year.

As of winter 1974, about 6000 wells were known to tap water-bearing 7
horizons within the Dawson Group. About 90 percent of these wells are
classed as domestic-stock., Discharge from typical domestic-stock wells
averages 0,82 liters per second (13 gallons per minute), About 130 muni-
cipsl wells are known to tap the Dawson Group of formations, with their
discharge ranging from 3 to 19 liters per second (50 to 300 gallons per
minute). Both large and small municipalities are included. ILarge water
agencies are typified by South Adams County Water and Sanitation District
and the City of Westminster, small agencies are typified by the City of
Strasburg and Federal Heights Water and Senitation Distriet. About 300
wells tap the Dawson Group for commercial, industrial and commercial irri-
gation or stock purposes.

As with the I-F aquifer, the same type of confusion exists regarding
the public concept of the varying definitions of well uses. Hence, the
exact number of wells'in each category is not certain. Future investiga-
tions will be designed to reveal both the exact numbers and locations of
each well and to furnish much needed water-level change information,

The data will be used to calculate a more accurate recharge-discharge.
figure and as an aid in managing and predicting the life of the group as
an aquifer,

Table 4 lists the approximate number of Dawson Group wells in each
of the four major categories and the estimated annual withdrawal. The
figures derived for all wells except municipel are based on operating
times of about 70 percent of a 24-hour day.

Hydraulic properties of the aguifers. Most of the water-bearing
horizons within the Dawson Group are classed as artesian. The lower con-
fining formation of the group is the Laramie Formation. The confining
beds above the Iaramie Formation are clay-shale strata within the Arapa-
hoe, Denver and Dawson Formations.

Wells which tap the Dawson Group have been designed &o pump from
about one liter per second (10 gallor: per minute) for typical domestic-
stock wells to an average of about 10 liters per second (150 gallons per
minute) for typical municipal wells, The extensive development of sand
and conglomerate in the Arapahoe Formation and the Dawson Arkose has per-
mitted the construction of wells which yield up to 25 to 30 liters per
second (40O to 500 gallons per minute) from properly designed wells.

Since most of the high capacity Dawson Group wells are completed

in the Arapahoe Formation, more hydregeologic data are known about them
than either the Denver or Dawson Formatioms., The reason for the numer-
ous high capacity wells in the Arapahoe is at least twofold: (1) most

of the municipalities which utilize Arapahoe water are located outside
the boundary of the Dawson Arkose, and (2) the concept that the deeper
aquifer (Denver vs. Arapzhoe) would be a more reliable long-term source of
water than the relatively shallow and locally heavily utilized Denver For-
mation., Existing evidence suggests that although the Denver Formation
contains locally extensive development of sand, most of the formation's
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sand layers are separated by relatively thick sequences of clay a.nd/or
shale. In order to obtain large well yields from such sand-shale sequen-
ces, the entire aquifer might have to be tapped; which might be hazardous
from 8 potential water quality degradation concept,

The Dawson shows good potential for supporting high-capacity wells
$n the south-central part of the basin, An E-log of one oil well test
hole indicates the presence of a predominantly send sequence no less
than 183 meters (600 feet) thick (pl. 3). Such sequences of sand should
support sustained yields of at least 25 liters per second (400 gallons
per minute)., The specific capacities of typical Dawson Group wells range
from 0,02 to about 0.62 liters per second per foot (0.1 to about 3.0
gom/ft). High specific capacities can be expected only in wells tepping
thick sequences of sand or in wells which are completed in more than one
aquifer,

Hydraulic conductivity values obtained from both aquifer and pump
tests, and from lsboratory tests gerformed on core samples taken from
outcrop areas range from 2.9 X 107 to 57.4 meters per day (0.0007 to
1400 gallons per day per square foot), The low values were obtained from
thoroughly lithified and cemented conglomerates and sandstones of the
various members, Foritunately for the well user, only a very small per-
centage of the Dawson Group sandstones are so tightly cemented, A pro-
perly designed and developed well in the lower part of the Dawson Arkose
or Arapahoe Formation should nomally produce from material with K values
in the range of 0,82 and 2 meters per day (20-50 gpd/ft°). Reliable
aquifer and pump test date indicate that the transmissivity of typical
wells tepping the Arapshoe and Denver Formations ranges between 1 and 45
square meters per day (80 and 3600 gellons per day per foot). The high
values occur in wells tapping thick sequences of sand. Values of trans-
missivity of the Dawson Arkose are probebly within the same range,

Values for the coefficient of storage range from 0,001 to 0,16; the
high values being obtained from tests performed on outcrop samples.,
Storage coefficients obtained from aquifer and pump tests range from
0.0001 to 0.09 with low and high averages of 0,002 and 0,03 respectively.
Tenticularity and lithification undoubtedly markedly affect the velue of
the storage coefficient, The specific yield or quantity of drainable
storage of the Dawsen and Arapahoe formations averages 20-25 percent.

Because of the lack of data, the aguifer comstants for the Denver
Forration have not been conclusively delineated. Since sands of the
Denver Formation are lenticular, generally fine-grained, ad are gener-
2lly separated by substantial clay-shele sequences throughout most of
the besin, the aguifer constents are assigned the following values:
hydraulic conductivity 0.41-0,82 meters per day (10-20 gpd/ﬁ:a), storage
coefficient 0,002, and specific yield 10-15 percent,

Quentity of water aveilable for withdrawal, Based on an estimated
specific yield of 20 percent and recovery Tactor of 50 percent for the
Arapehoe Formation and Dawson Arkose, and a specific yield of 10 percent
and a recovery factor of 50 percent for the Denver Formation, the quan-
tity of water that cen be removed by purping from present storaze is about
145,57 X 109 cubic meters (118 million acre-feet)(table 5.
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AQUIFER INTERREIATIONSHIPS

Ground waters in the bedrock aquifers are not totally isclated from
each other. On the contrary, they not only possess a definite relation-
ship but are also in & state of slow, definite flux. Movement of ground
water between aquifers occurs by at least four modes which are listed and
discussed in the following order: (1) intermingling of formation waters
due to faulty or poorly designed wells; (2) intermingling by water move-
ment along fault traces; (3) intermingling of bedrock and alluvial ground
waters at stream channel-bedrock interfaces; and (4) the vertical percola-
tion of ground water through semipermeable confining beds,

Rumercus reports of gradual to sudden deterioration of water quality
from wells tapping the bedrock formations have occurred during the past
and are frequently occurring during the present. Unfortunately, the
-reports are poorly documented., The data presented here are based on con-
versation with & number of well users, including municipalities. The evi-
dence reveals that beédrock aquifers producing good quality water can
became contaminated if the producing well or other wells in the area are
improperly designed or constructed. The contamination, a result of the
comingling of poor with good quality water, occurs as a direct result of
(1) poor logging control, resulting in an improper casing progrem; (2) .
deterioration of casing; (3) failure of or .improperly designed seals; ‘
and (4) open hole well construction,

A major contributor to the gradual deterioratim of water quality
in many deep wells was the lack of reliable logging control during the
time the wells were drilled. When most of the deep wells in the Denver
Basin were drilled, they were logged by & cursory examination of drill
cuttings. Since the thickness of strata penetrated is so great and the
lithologic sequence is by no means uniform, it is likely that the charac-
ters of many of the zones penetrated were incorrectly described. In
addition, few attempts were made to test the quality of water of indivi-
du2l aquifers as they were penetrated. The net result is the occurrence
of numerous wells with improperly located perforated casing, The chances
of occurrence of such sources of contamination are probably quite high in
wells designed to tap several water-bearing horizons, especially if
water quality tests were mot made before the completion of the well, The
problems encountered by examining drill cultings can be lessened by the
application of geophysical logging methods,

A second major source of inter-aquifer contamination undoubtedly is
the deterioration of casing material and the failure of or improperly
designed seals either at the well head or within the formation., In most
cases, deterioration of casing and subsequent failure of seals is caused
by age of the well and is difficult to remedy. The placement of an
improperly designed seal and casing, however, can be avoided by conscien-
tious examination of drill cuttings when geophysical methods are not used,
and by the use of high grade materials. )

Open hole wells are the types within which only the uppermost portion
of the drill hole is cased, Many of the open hole wells include a hundred
- or more meters of uncased strata. The possibility for ground water from
different strata to mix in such wells is quite high. Although frequently
practiced in past, current State Engineer policy is to discourage open
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hole construction in wells tapping sedimentary formatims. Present
policy is to require single aquifer completion and to require installa-
tion of suitable seals to prevent the comingling of ground water from
separate aquifers.

As described by Hollister and Weimer (1968) and Scott (1970), the
Denver Basin's sedimentary rocks have been cut by numerous faults which
extend into the Precambrian basement. Current studies by the U. S.
Geological Survey have revealed that faulting might be more widespread
than described in earlier publications., Since these faults extend into
Tertiary and Quaternary rocks and are relatively active, there is a strong
possibility that certain fault traces act as conduits for the passage of
ground vater pollutants.

The same mechanisms described in the deterioration of water in an
open hole well can generally be applied to a well near or on a fanlt
trace. The possibility that fault traces can act as conduits for pollu-
tion is suggested by numerous reports of the presence of hydrogen sulfide
and methane gases in the water of many Laramic-Fox Hills wells in the
northern Denver metro area.

A1l of the gas and oil wells in the Denver Basin have been shown to
contain methene and lack hydrogen sulfide. If a methane bearing strata
is comected to an overlying aquifer by means of a fault, it is possible
that the gas can migrate upward and permeate the aquifer, The L-F aqui-
fer would genecrally be the first "receptive" formation encountered in the
upward migration of the gas. If only small guantities of methane were
present, it is possible that most of it would accumulate in the L-F aqui-
fer, with only undectable quantities passing upward. The hydrogen sul-
fide vhich I2s been reported in many L-F wells is possibly the result of
the action of methane on sulfates in the presence of anaerobic bacteria.
Hem (1959, p. 223) suggests that anaercbic bacteria can react on many
other hydrocarbons and produce hydrogen sulfide. While the methane and
hydrogen sulfide can be produced by the action of anaerobic bacteria
and organic matter within the L-F aquifer, the fault offers a relatively
unobstructed means of intermingling of agquifer waters. The fault traces
along the foothills and in the north Denver metro area are the most likely
areas for such intermingling to occur, The degree of mixing are functions
of the nature of the faults %nd local ground water hydrodynamics.

The relationship between alluvial aquifers and bedrock aquifers has
‘been presented in previous sections of this report. Of mejor interest
is the effect of time on the interplay of aguifers in the northeastern
part of the basin where relatively long segments of the L-F aquifer are
cut by the alluvial stream channels of Bijou, Deer Trail, and Muddy
Creeks., Hydrogeologic evidence is divided between that which indicates
that the L-F either discharges to the alluvium or accepts recharge from
the alluvium. Evidence presented by Kuhn (1968) and Owens (1971) suggest
that continued development of the L-F aquifer will ultimately result in
the formation of aquifer interrelationships of & mezsurable magnitude.

Interplay between the alluvial aquifers and members of the Dawson
Group of formations may occur where sandstone horizons are cut by streams,
Movement of water from the alluvium to the bedrock sandstones requires

-
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the presence of unsatureted-permesble strata below the water table of the
alluvial deposits. Altaough the aquifers of the Dawson Group contain gen-
erally lenticular sandstones, it is possible that many of the thicker
aquifer horizons are ccatinuous on & local basis. In localities where such
horizons have been extensively developed and are in contact with saturated
alluviel deposits, the elluvium probably discharges water to the bedrock

in the same manner as in the L-F aquifer - Bijou alluvium interrelationship.

There are at least 5000 more wells penetrating the Dawson Group than
the L-F aquifer. Furthermore, the highest density of the Dawson Group
wells occurs along the western half of the basin where many stream chan-
nels occur. Therefore, it is quite likely to suspect that if a substan-
tial Dewson-alluvium irserrelationship exists, it does 80 in the western
half of the basin.

The presence of ccnfining beds in the Denver Basin does not totally
jsolate the main aquifers. On the contrary, it has elready been stated
that®the confining beds are actually semipermesble and over large areal
extent considerable quentities of water can be transmitted through them.
Bentall (1963, p. 111) mentioned that the cone of depression created by
heavy pumping in en artssien aquifer might encampass billions of square
meters and induce the lezkance of a considerable quantity of water. It
is also suggested that in some situations, well discharge is balanced by
leakance through overlying semiconfining beds which can occur from both
the overlying and the underlying semiconfining beds. ILeakance through
the overlying beds will occur if they are in turn overlalm by water satu-
rated strata which alsc might be confined or semiconfined. When water is
withdrawn from the main aquifer, & head difference is produced between
the top and bottom of the semiconfining bed which induces leakage to the
main aquifer, Leakance to the pumped aquifer from underlying and semi-
confined beds occurs because of the establishment of spherical flow pat-
terns during pumping. Spherical, three-dimensional flow is a phenomenon
which occurs in wells that do not penetrate the entire aquifer.

Leakance is also facilitated by the presence of lenticular sand-
stones and sandy cleys in all of the beds which "oonfine" the principal
aquifers. Lenticular horizons in the Dawson Group are locally so
muerous that leakance yrobably takes place quite readily! Indecd, this
is the basis for the susgestion that wells penetrating lenticular hori-
zons roy be treated as pertially penetrating. '

Metheratical developmsnt of leaky-aguifer equations is treated in
DoWiest (1965, pp. 271-28¢., Bentell (1963, pp. ch8-c55) and Ferris, et al.,
(1967, pp. 110-118) to namc but three references. The methods stress the
need of scientifically conducted aquifer tests with one or more observetion
 wells and the passage of enough time to allow for the drawdown in the ob-
servation wells to show & derivation from the nonequilibrium (nonleaky)
type curve.

The mushrooming interest in the bedrock aquifers of the Denver Basin
has created and will continue to create numerous administrative problems,
Since the effective administration of the bedrock aguifers requires &
source of scientific dete upon which to base decisions, well designed
aquifer tests should be conducted at every opportunity.

(55)




POTENTIOMETRIC SURFACES

The elevation to which water will rise in artesian wells defines the
potentiometric surface., Lines drawn between points of equal elevation
constitute a potentiametric surface map.

Although the potentiometric surface of +he Fountain and Lyons Forma-
tions and the Dakota Group were not determined, they can be easily visual-
ized, FEach surface dips eastward away from the outcrop area at angles
somevhat smaller than the dips of their parent aquifers. Near the bottom
of the Fountain-Lyons-Iykins strike valley and 0.8 kilometer (one-half
mile) or more east of the Dakota hogback, the potentiometric surfaces
locally extend above the land surface (fig. 6, page 32). Several wells
were reported to flow in such areas shortly after they were drilled,
Since many of the wells penetrating the Fountain, Lyons and Dakota Forma-
tions are several years old, it is possible that the potentiometric sur-
faces have experienced local declines. This possibility will be examined
as part of the continuing study program for the Denver Basin.

Plate 8 illustrates the approximaete configuration of the potentio-
metric surface of the Laramie-Fox Hills aquifer for 1975. As stated in
the L-F section of this report, the overall or regional movenment of water,
except for local anomalies, is from south to north., The L-F potentio-
pmeiric surface evidently is in a state of flux. Evidence indicates that
large cones of depression have developed in areas with high well densities
in the I-F aquifer. Most of the wells tapping the L-F z2quifer are near
population centers (Denver, Colorado Springs and Byers-Deer Trail for
example) and along the South Platte River Valley downstream from Metro-
politan Denver, The cones of depression will increase in size with passing
time and continuing withdrawals of water from the L-F aquifer. Extending
far beyond their present limits, the cones might eventually be of such
magnitude that water production from the L-F aquifer in distant areas will
be seriously affected. Water level measurements of several L-F wells in
the Denver-Metro area indicate that through the middle 1960's the poten-
tiometric surface of the aquifer has declined locally at rates ranging
from 1 to 4 meters (about 3 to 13 feet) per year. During the last six
years, rates of decline have changed depending upon the availability of
surface water supplies and population-econcmy trends. Current local rates
of decline of the L-F potenticmetric surface in the Denver area range from
gbout 0-3 meters (0-10 feet) per year. Water-level measurements of L-F
wells in the Brighton area show declines as high as 15 meters (50 feet)
per year to less than 3 meters (10 feet) per year. Spring 197l measure-
ments indicate a trend of local recovery (fig. 9). Since the area is
currently experiencing local reorientation from agricultural to indus-
trialized and suburbanized commmities, it’is suspected that the long-
term water level trend will be a decline. The L-F water level decline in
the north-central rural areas of the basin ranges from about 1 to 6 meters
(3 to 20 feet) per year, The long term trend in the extreme eastern and
southeastern part of the basin has not been established. Based on trends
in other areas and on data fram the town wells of Byers and Deer Trail,
the rate of decline is assumed to range between 0.3 and 1.5 meters (1 and
5 Peet) per year, Evidence from the Colorado Springs area indicates that
water level declines of at least 1 meter per year are common, Slight
water-level recovery in some wells during the winter of 1973 might have
been & result of reduced ground-water withdrawals - precipitation during
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1973 was abnormally high in many regions throughout the state. -

The configuration of the potentiometric surfaces of the members of
the Dawson Group of formations will be determined during the course of
continuing phases of the Denver Basin investigation. In these investi-
gations, the most reliable Arapahoe-Denver-Dawson well log data will be
used to construct the maps, An inherent problem in constructing the
maps will involve choosing data from wells which have been shown to tap
only & specific member of the group. New wells permitted to tap & bed-
rock formation will be restricted to one major water-bearing horizon.

If a composite potentiometric surface map of the Dawson Group would
be constructed, it will possibly very closely resemble the potentio-
metric surface map of the L-F aquifer (pl. 8). Major differences will
involve (1) the general elevation of potentiometric contours with
respect to sea level, and (2) the "size" of cones of depression which
bave probably developed in heavily pumped areas.

Unlike the potenmtiometwic surface of the L-F aquifer, large segments
of the composite potentiometric surface of the Dawson Group probably no
longer extend above the land surface. Most of the wells which used to
flow now must be pumped and there is limited evidence indicating
that waters from the Dawson aquifers discharge into the alluvium, Because
of its length of use as an aquifer and of its generally widespread devel-
opment, the composite potentiometric surface of the Dawson Group has
experienced very large local declines. In the metropolitan area, water
from the Dawson Group has been utilized since 1883 - L-F aquifer was
first utilized in the late 1920's. In addition, well records reveal that
in the metropolitan area, the cumulative registered discharge rate per
township of wells penetrating the Dawson Group range between 130 and 380
liters per second (2,000 and 6,000 gallons per minute) (pl. 11). Emmons
(1896, p. L03) and McTaughlin (1955, p. 60, R.M.A.G. Guidebook) submit
data from two time periods that show how the rapid development from
1890 to 1954 affected the local artesian head, In 1883, the head was
about 61 meters (200 feet) above the lend surfece and in 1954 the head
was locally 137 meters (450 feet) below the land surface - a total
decline of sbout 200 meters (650 feet).

CHi?.1CAL QUALITY OF THE GROUND WATER

Dissolved mineral matter in ground water is derived from soluble
minerals in the atrosphere, soil and rocks through which the water moves.
Initielly, as rain falls through the atmosphere it contains very small
quantities of dissolved minerals but does contain dissolved atmospheric
gases, When the rain water penetrates the earth's surface and percolates
downvard, it dissolves the more soluble minerals, The amount and kind of
mineral matter dissolved by the water depends upon the chemical composi-
tion and physical nature of the rocks with which the water comes in con-
tact, the temperature, pressure, and duration of contact. In addition,
human influence such as oil and water well drilling activities and waste
injection to name a few, may greatly affect the type and amount of
dissolved mineral matter in ground water. '

The general chemical quality of the ground water in the Denver Basin's
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principal bedrock aquifers is shown in table 6, The data was obtained
from McConaghy, et al., (1964), Gregg, et al., (1961) and from State
Engineer files, Concentrations of the various chemical constituents
are given in table 6A and B in parts per million (ppm). Hydrogen-ion
concentration is expressed in pH wnits. pH values lower than 7 indi-
cate acidic solutions whereas PH values higher then 7 jndicate basic
solutions. The pH of natural water js controlled by chemical reactions
and equilibrium among the jons in solution.

CHEMICAL COMPOSITICN AND MINERALIZATION

Chemical analyses of ground water from the bedrock formations
jndicate that the degree of mineralization and chemical composition
of the water vary widely. For example, the concentrations of sodium
ranged from 6 to 1000 ppm, sulfate fram O to 1960 ppm, and chloride
from 0.5 to 454 ppm; the specific conductance of the waters ranged from
6l to 5040 micromhos per centimeter; and TDS ranged from 108 to 3680
ppm. The relatively great range of chemical constituents within indi-
viduel formations might be due to differences in chemical canposition
of the equifer material, jntrusion of water from other aquifers, or
chemical contamination from either pen-made or natural causes.

Most of the samples were obtained from wells in the Denver metro-
politan area. Water quality date from other areas in the basin are
represented by tests performed on tep water from several small widely
scattered communities. :

Analyses of water from the Dawson Arkose indicate that it is among
the least mineralized of the water sampled. Assigning & chemical type
to Dawson Arkose water is difficult at present due to lack of data; the
two tests available indicate calcium bicarbonate. The presence of HoS
in a few Dawson Arkose wells (table 6-B) is possibly due to0 the reduc-
tion of sulfate by hydrogen released through the decomposition of
organic matter by anaerobic bacteria. These particular wells ere thought
to be quite old as they are not listed in present State Engineer's.
records.,

Redjochemical analyses of water from two wells east of Sedalia
(table 6-C) indicate the presence of radon 222. This is of particuler
concern because radon 222 is a "daughter" of radium 226, therefore, the
preserce of radium 206 is implied, and, both radium 226 and radon 222
are alpha emitters. A well ebout two miles north indicates the presence
of radium, radon, thorium and uranium. Although surface originated con-
tamination is & possible source of the radio-elements, the most likely
source is from radiocactive minerals within the strata of the Dawson
Arkose. '

Water from the Denver Formetion generally has a low to medium mineral
content, Test data jndicates that sodium and calcium bicarbonate and
sodium sulfate type waters are present. The relation between specific
conductance to the concentration of dissolved solids is shown in figure
10. Figure 10 can be used to obtain a rough estimate of the dissx lved
solids content of water from the Denver Formation in the greater Denver
metropolitan area when specific conductance data are aveilable.
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The relation of concentrations of principal cations and anions to
specific conductance is shown on figures 11 and 12, The calcium and
magnesium curves of figure 11 and indefinite as the few data points
available are widely distributed. The trend of the relationship between
specific conductance and sodium concentration clearly indicates that high
conductance is indicative of high sodium content, Comparison of the cal-
cium, magnesium and sodium curves suggests that like sodium, the concen-
trations of calcium and magnesium increase appreciably when conductance
exceeds 1,000 micromhos per cm. ‘

Figure 12 shows that the relation between conductance and bicarbon-
ate concentration is indefinite. The date points on the lower right part
of the bicarbonate graph were obtained from wells which are relatively
shallow and lie near the indefinite boundary between the Arapahoe and
Denver Formations. Until better data is obtained, it is suggested that
the curve tentatively follows the dashed line. As of this writing, no
definite relationship betyeen bicarbonate concentration and distance
from the outcrop area has been established. The sulfate and chloride
curves indicate that high conductance relate to high concentrations of
each anion, It should be noted that several of the wells containing high
sulfate concentration are located relatively near the indefinite Arapahoe-
Denver boundary.

Availsble information indicates that most of the water of the Denver
Formation with high conductance and high TDS occurs north of Township
3 South. The reason for this might be the disproportionate number of
sample sites in northern Denver metro area. However, it is also possible
that the water quality in this area is lower because of either patural
geologic phenomens or because of the influx of human contamination from
surface sources,

Hydrogen sulfide gas has been reported in several wells which tap
the Denver Formation (teble 6-B). Its presence is probably due to the
decay of organic matter in the presence of bacteria within the immediate
vicinity of the well., Radiochemical analyses of water from the Denver
Fomation indicate local presence of radium, radon, thorium and wranium
(table 6-C). :

”

Analyses indicate that weter from the Arapshoe Formation also
exhibits relatively low mineralizetion, The total dissolved solids
content ranges from sbout 150 to 1200 ppm with approximately 70 percent
of the samples conteining about 250 ppm or less totel dissolved solids.
Figure 13 shows the relation between specific conductance and TDS. The
trend of the plots is quite regular, hence the figure can be used to
estimzte TDS of Arspahoe Formtion water when conductance data are
availsble,

The relation between specific conductance and concentration of
principal anions and cations within water of the Arapahoe Formation is
shown in figures 14 and 15. The relation between concentrations and
principal anions and specific conductance is not clearly defined although
there appears to be a general trend of increasing anion concentration
with increasing conductance. A large part of the scattering of the data
points are possibly & result of multi-aquifer completion and/or contamina-
tion resulting from deterioration of well casings- and seals,
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Figure 16 shows the vaguely defined relation of bicarbonate
concentration to distance from the outerop or subcrop. The distances
plotted are at best approximate but the trend shows how bicarbonate
concentration decreases with increasing distance from the outcrop-
recharge area, The term outcrop-recharge is used to distinguish
recharge which percolates into the formation at the outcrop areas from
that which possibly percolates into the formation from overlying strata.

Available test data indicate that water from the Laramle-Fox Hills
aquifer is more heavily mineralized than that from the other principal
bedrock aquifers, Total dissolved solids content ranges from about 300
pm to about 3,700 ppm. Approximately 70 percent of the data lie within
the range of 450 to 900 ppm TDS. Figure 17 shows the relation of speci-
fic conductance to TDS for the L-F aquifer. Because sodium is the .
principal cation and bicarbonate the principal anion, Laramie-Fox Hills
water is classed as the sodium bicarbonate type. The relation of con-
centration of principal anions and cations to specific caductance is
shown in figures 18°and 19.

Other constituents of particular interest include iron, fluoride,
and hydrogen sulfide., Figure 20 shows the relation of iron and fluoride
to specific conductance and table 6-B lists U, S. Geological Survey
data on wells reported to contain hydrogen sulfide at the time of their
investigation. Iron content ranges from 0.5 ppm to about 5 ppm. Iron
content appears to increase appreciably above a specific conductance of
about 1,500 micromhos per em, Fluoride date points are widely scattered
and form only a very general trend. The trend is shown as & cross hatched
area. Table 6-C lists the results of U. S. Geological Survey radiochemi -
cal analyses of five samples of L-F water.

Available analyses indicate that water from the South Platte Menber
of the Dakota Group is the least mineralized of all the waters tested.
The range of TDS is from about 100 to 200 ppm while bicarbonate varies
from about 80 to 150 ppm. Other constituents occur in concentrations
predominantly less than 50 ppm. Figure 21 shows the relation of the
principal cations ard anions to specific conductence and table 6-C lists
the wells which were examined for radiocactive substances by U. S. Geo-
logical Survey personnel,

Although only five analyses are available, the indication is that
water from the Iyons and Fountein Formation is of the same general quality
es that of the Dakota. With one exception (see table 6-A under Fountain
Formation), the concentration of cations and anions is low. Figure 22
shows the relation of concentrations of cations and anions in the Foun-
tain and Iyons aquifers to specific conductance. The highest TDS, cal-
cium, magnesium, sodiwa, iron, fluoride, bicarbonate, sulfate, and
chloride concentrations and conductance occurred in an open-hole well.
Although only one aquifer is tapped, the abnormally high concentration
of dissolved solids strongly suggests contemination from sources other
than the Fountain Formation.

Water quality analyses of several wells which tap the Precambrian
basement rocks along the foothills is included in table 6-A.
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Figure 22. Graph showing relation of specific conductance
: to principal cations and anions for water from

the Fountain and Lyons Formations. Symbols:
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SUTTABILITY AND UTILIZATION OF THE GROUND WATER

It is now recognized that the economic utilization of water for most
purposes to a large extent depends upon the chemical composition of the
water. The quality required of & ground water supply depends upon its
proposed purpose. If the requirements of the raw water are not met, the
water can usually be treated to meet the requirements.

Public Supply and Damestic Use

The U. S. Public Health Service (1962) established quality require-
ments for water used for drinking and culinary purpoSes. The standards
are not compulsory for water that is used locally -but they do act as a
measure of suitability of water for domestic use. The standards for the
major chemical contaminants are:

Constituents Max. concentration in ppm

Iron (Fe) 0.3
Manganese (Mn) 0.05
Calcium (Ca) ' 30
Magnesium (Mg) 125
Sulfate (soﬁ 250
Chloride (C1 250
Fluoride (F) 1.5
Nitrate (NO3) : k5
Sodium (Na) 10-200
Potassium (K) 1000-2000
Bicarbonate (HCO3) 150
Copper (Cu) , 3
Hydrogen sulfide (HpS) 0.05
Dissolved solids (TDS) - 500-1000

In this peper hardness, expressed as an equivalent, quantity of cal-
cium carbonate in ppm, is generally referred to by the following classi-
fication:

Hardness Class Suitability
60 ‘ Sof't Suitable for most uses
60-120 Moderately hard Usable except in some

industrial applications
121-200 Hard Softening required by

. laundries and sone

- other industries
200 Very hard Softening required

for many uses

Among the many physical properties of water which must be investiga-
ted is radiocactivity. The effects of rediation are viewed as harmful and
any unnecessary exposure to radiation should be avoided. Radioactivity
in water is especially significant to humen health, not only through
direct consumption of water, but also through the ingestion of agricul-
tural products and livestock that have accumulated radiocactivity
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(McKee, J.E. and Wolf, H. W., p. 343).

Ground water may acquire radiocactivity by natural sources such as
mineral deposits. Man might introduce radioactivity into the ground
water system as products from nuclear detonations or from haphazardly
disposed waste products from the etomic energy industry, users of
radioisotopes and fertilizer Jeachates, The types of radiation which
may be encountered in polluted water are alpha and beta particles, gamma
rays and neutrons. :

Alpha and beta emitters are particularly hazardous in water and
food products because they can become concentrated in specific human
tissues such as bones or organs. A few radionuclides of particular
jmportance to the Denver Basin are radium 226 and its daughters, thorium
232, uranium 238, and plutonium 239, For edditional information on the
‘health hazards of radionuclides, the reader is referred to McKee and
Wo:u)ff (1963, pp. 343-354) end Friedlander and Kennedy (1962, pp. 217-
219). : )

A1l of the waters of the Denver Basin bedrock aquifers have been
shown to be pure bacteriologically. Water from deep wells which might
at some time indicate bacterial contaminants is probably being polluted
from surface sources. '

Dawson Group. Analyses of water from the Dawson Arkose indicate
that the chemical quality of the water meets most recommended drinking
vater standards. One test (table 6-A, first well) indicates that a
potential well user should examine Dewson Arkose water for excessive
jron, manganese and calcium. The detection of radon 222 in water from
a well east of Sedalie (table 6-C) is suggestive of the presence of .
radium 226 and indicates either naturally occurring radicactive material
or contamination from & surface source. Most of the water for the town
of Castle Rock is obtained from the Dawson Arkose,

Water from the Denver Formation is predominantly soft although the
TDS from scveral wells is on the threshold of being undesirable. Several
tests indicate the presence of excessive quantities of caleium, fluoride,
hydrogen sulfide, ironm, sodium, sulfate and bicarbonate. U, S. Geologi-
cal Survey tests performed on water from & deep well several miles north-
east of Sedalia indicated excessive radium 226 (table 6-C). In general,
the water from the Denver Formation is of fair quality for public and
domestic use, particularly in those areas where the water-producing
strata are in an excess of 150 meters (500 feet) below the ground surface.

Water from the Arapshoe Formation can be classed as predominantly
soft, slightly mineralized water, Several Denver suburbs and small rural
- commmities utilize the Arapahoe Formation for public water supplies.
Most of the water received little or no treatment other than chloriniza-
tion for safety purposes. Filtration, softening and odor control are
required in a few supplies. Water quality preceutions should be exer-
cised along the northwestern portion of the Denver Basin where fault
traces might permit the comingling of poor quality with good quality
water. - :
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feramie-Fox Hills equifer. The L-F aquifer produces & predoninantly
goft, slight to moderately mineralized weter. Tt is of fair to good

“lity for domestic and public use throvghout most

of the Demver Basin.,

11ly, the L-F aquifer yields water with high concentrations of fluor-

sue, iron, sodium and bicarbonate. Some users

1.-F water have objected

to its high temperature, and hydrogen gulfide and methane have been

detected in many wells in the northern Denver metro

grea. It is suggested

that local geologic structure has & role in jnfluencing the quality of L-F
_water in the area. Locally the contaminants have jnfluenced many well

users .to seek other sources of water. Although the

problem appears to be

confined to the northwestern part of the basin, it ghould be noted that
many L-F wells are ¥nown to yield water of & quality nearly comparable
to that of the Arapahoe Formetion. Mamy emall commnities and numerous

private users of I-F water for domestic purposes do

not treat the water.

A few supplies are chlorinized for gafety purposes and & few are treated
for odor, taste, coagulation, sedimentation and filtration.

Pre-Laramie-Fox Hills aquifers. Existing analyses of water from the

Pre-Leramie-Fox M= =0

Pakota Group, Fountain end lyons aquifers indicate the qualities that
meet most drinking gtandards. The waters are predomina.ntly soft with &
generally low TDS content. Excessive concentrations of jron, fluoride
and other chemical constituents have been reported in faulted ereas and
yesidusl oil has been reported to occwr Jocally near the pase of the Foun-

Water from the Precanbrian pasement complex is

predominantly moder-

ately soft with mineralization concentrations that meet all drinking

+andards.

Industrial and Agricultural Uses

About 19 percent of the water pumped £rom the Denver pasin's bedrock
aquifer is used for jndustrial purposes. Predoninant industrial uses of

water in the Denver Basin are &ir conditioning, peking, boiler feed,
brewing, canning, carbonated beverages, cooling, food prepara.tion, ice
making and 1aundering. Since the quality requirements for industrial
water supplies have such 8 wide range, this report presents jnformation
of a general nature. Potential jndustrial water users who must deal in
water requirements for certain specia.lized industries are referred to
technical publica.tions specifically designed for that purpose. Table 7
1lists the general wvater quality requirements for the ipdustrial uses men=
4ioned above. Additional date cen be found in california State Water

Pollution Control Board Publication 3.

- In this report, the use of water for agricultura.l purposes includes
water consumed by 1ivestock, the jrrigation of lawns and garden crops

and in the operation of farm machinery.

Water consumed by 1ivestock has weter quality 4olerances of the
same order as those relating to drinking weter for human consumption. .
Unfortunately, date with respect to specific tolerance are sparse.
However, most animals seem to be able to use water considerably poorer
in quality than would be satisfactory for bumans. Salts speciﬁcam
toxic to animals are nitrates, fluorides, selenium and polybdenun.
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‘.t'otai dissolved solids standards in use in western Australia-and
comonly accepted in this country are (Hem, 1959, p. 241):

Animal Suggested tolerance (ppm)
Poultry 2860
Pigs 4290
Horses . 6435
Cattle sda.i ) 7150
Cattle beeg . 10,000
Adult Sheep 12,900

Water used for the irrigation of lawns and garden crops should be
of such quality that it will not adversely affect the growth of the
plants irrigated and the productivity of the 1snd to which it is applied.
Although certain mineralogical properties of the water are important in
promoting plant growth and soil productivity, several constituents have
:?en shown to be Wetrimental when they exceed certain meximum concentra-

ions,

These properties are the concentration of the total dissolved solids,
the relative proportion of sodium to calcium and magnesium, the concen-
tration of boron or other elements that might be toxic to certain plants,
and for some water the concentration of bicarbonate in excess of the con-
centrations of calcium and megnesium (Smith and others, 1964, p. 100).

Dawson Group. Existing water quality datae on the Dawson Arkose
dicate the water is probebly moderately hard and only slightly mineral-
.ed, It meets the standards required for all industrial and agricultural

purposes. ’

Water from the Arapshoe Formtion meets most industrial standards of
particuler interest in the Denver Basin, Users of Arapahoe water for
boiler feed purposes should note that the predominant range of silica
(Si05) in the water limits boiler pressure to sbout 21 kilograms per
square centimeter (300 psi), Water intended for high pressure boilers
will generally require treatment. Other than relatively high concentra-
tions of bicarbonate, water from the Arapehoe Formation should neet all
agricultural requirements.

Laramie-Fox Hills aquifer. Except where high temperatures, high
concentration of iron, bicarbonate, sulfate, fluoride and hydrogen sulfide
occur, water from the L-F aquifer meets most requirements for local indus-
tries. Except for moderate concentrations of bicarbonate, L-F water is
suitable for most agriculbtural purposes,

Pre-Laramie-Fox Hills aguifers, The few anzlyses of water from the
Dakota group, Fountain end Lyons aquifers jndicate qualities sufficient
to meet most industrial and agricultural standards. The chemical con-
stituents which might cause minor, but solvable problems are locally high
concentrations of ironm, sodium, bicarbonate, sulfate and chloride,
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ROCKY MOUNTAIN ARSENAL DISPOSAL WELL

The effects of percolation of industrial wastes through the soil
mantle at the Rocky Mountain Arsenal are well documented. The shallow
ground water reservoir in a several square mile area dovm gradient, from
unlined holding ponds is seriously contaminated.

The possibility that the deep disposal well at the arsenal could be
the origin of localized contamination of certain Denver Basin bedrock
aquifers is slight. Wastes injected into the 3671 meter (12,045 feet) well
were placed into Precambrian basement rocks. The seals in the well were
designed and installed to prevent leakage of contaminants from the injec-
tion level into other aquifers. The well is no longer used for injection
of wastes. .

The possibility that contamination, however slight, might occur in
aquifers overlying the injection level is essociated with regiomal struc-
tural fedtures. It is known that the region in the northern and north-
western part of the Denver Basin project arca is highly faulted. These
fanlts are known to extend into the upper Crotaceous sedimentary rocks.
The actual extent of the faults and the nature of individual fault traces,
however, is unknown. It has been previously suggested that geologic forma-
tions in a structurally disturbed area ay be hydraulically connected by
faults. Even though the fault traces between the Precerbrian and overly-
ing aquifers might be sealed too tightly to permit upward percolaticn of
contaminating solutions, the presence of an extensive volume of toxic
material in the basement rocks underlying the northeast Denver-metro area
cannot be ignored, particularly by future generations.

HISTORIC DEVELOPMENT OF THE
DENVER BASTN BEDROCK AQUIFERS

The following parrative briefly describes the historical development
of the bedrock aquifers. Informeation regarding historical withdrawels
of water from the aquifers for municipal purposes was obtained through
the cooperation of water supply agency personnel and town managers.
Historical data for most of the bedrock water users in the basin are
lacking, The data presented in this report are designed to show the .
trend of increasing water demand that is beginning to occur throughout
the entire Denver Basin. :

Because they Iiav.e been developed to a limited extent, the Fountain
and Lyons aquifers and Dakota Group have not been treated here. It is
suggested that these aquifers should be developed with caution,

HISTORIC DEVELOPMENT OF THE DAWSON GROUP

The first bedrock formations to receive attention as sources of arte-
sian water were the Denver and Arapahoe. The Arepahoe Formation was
recognized as a potential source of artesian water in 1883 after a man
who was boring for coal near the first St., Lukes Hospital (near the inter-
section of Speer and Federal Boulevards) struck a large volume of water -
(Emmons and others, 1896, ». 402, 403). By 1895, over 400 artesian wells
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were in operation in the greater metropoliten area. Well depths gener-
ally ranged from 122 to 2k4 meters (100 to 800 feet). By the turn of the

entury, many of the artesian wells stopped flowing and pumps had to be
-.nstalled. During the early 1900's, the use of artesian water in the
Denver metropolitan ares experienced a decline as more surface water sup-
plies beceme available,

A few bedrock wells drilled on farms and ranches in the country did
not experience a substantial decrease in water level during this period.
These wells had low discharges andwere widely scattered. Since water from
the alluvium of small stream systems furnished most of the water require-
ments, only those farms and ranches which might have been in part or totally
jsolated from shallow ground water systems had wells extending to the bed-
rock aquifers, .

During the 1940's and 1950's, the Dawson Arkose and the Denver and
Arapahoe Formations received extensive development as & source of water
for & large number of industries, commercihl businesses, and individual
domestic supplies in suburban areas, as well as for several mmicipal
water supplies. During this period, commmities such as Arvada, Castle
Rock, Monument, Strasburg and Westminster became dependent upon members
of the Dawson Group for either pert or all of their water supplies.

Suburbanization in the Denver metro ares continued into the 1970's.
Throughout the entire period, the demand for more water has increased pro-
portionately. The recently instituted Blue River (Denver) and Homestake
(Aurora) projects have provided substantial quantities of excellent

1lity, low cost water to the metro area. The result has been localized

oductions in the withdrawals of Dawson Group water by several municipali-
. ties, businesses of various types, and domestic users. Figure 23 shows
graphically the development of the quantity of water withdrawn from shallow
wells by the City of Aurora during the period 1956-1971. The marked reduc-
tion of ground water withdrawals after 1966 is due to the availability of
water from the Homestake Project which diverts water from' the Sawatch Range
northwest of Leadville, Colorado, Although Aurora's Dawson Group wells
are not represented in the graph (the wells are not metered) their pro-
duction was reduced proportionately.

In other areas throughout the Denver Basin, surface water supplies
are either lacking or limited.and the withdrawal of water from the Dawson
Group of aquifers has increased at a rate proportional to growth of the
area, Typical water distribution agencies in this category include the
South Adams County Water and Senitation Distriet and the Town of Castle
Rock.. Figure 2l illustrates how the demand for water from these agencies
has increased with time., The need for Dawson Group water by individual
wall users in some suburben areas and most rural areas has been steadily
increasing since World War II. The arees which are growing at relatively
fast rates include the northern metropolitan Denver area and a 20 mile
wide strip lying along the east flank of the foothills and exteriing from
Littleton on the north to Colorado Springs on the south. Other areas
which are beginning to show signs of growth include those lands in proxi-
mity to Interstete Highways 70 and 80 east and along certain portions of

. S. Highway 24 east of Colorado Springs. Development along these high-
iys is showing & trend of reorientation from primarily agricultural to
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jndustrialized and suburbanized commmnities. Ilate 12 shows the density
- of total registered discharge from wells tapping the Dawson Group
aquifers, - '

HISTORIC DEVELOPMENT OF THE L-F AQUIFER

The L-F aquifer did not receive extensive use until the 1920's and
1930's. Before that time, a few widely scattered jomestic-stock wells
existed near the outcrop areas in the eastern and southern part of the
basin., In the 1940's and 50's, the desire to obtain artesian water for .
private pwposes, and, in some cases, derend for water where surface
supplies were not availeble increased. Consegquently, there occurred
a relatively rapid increase in the exploitation of decp aquifers, The
1-F agquifer is desireble because many of the wells drilled into it at
that time flowed and the water was predominantly very soft and only
moderately mineralized. During the late 1940's and through the mid-
1960's numerous L-F wells were drilled in the Denver area for suburban
commrities and water districts, and several industrial and compercial
water users who could absorb the cost required to drill beyond the
Arapahoe Formation. '

Within the past 5 to 10 years, locel withdrawals of water frem ’
the L-F aquifer have declined because of the inereased availability of
surface supplies and because of local water quality problems, However,
some areas north of Denver do not have ready access to surface water
supplies and the Arapshoe Formation becomes less effective as an aquifer
as the outcrop areas are approached from the south. Of particular
snterest in this category is a wide strip of land flanking the South
Platte River Velley and extending from ebout Township 2 South through
Township 4 North. Since the late 1950's this area, which is tentatively
called "the South Flatte River corridor)’ has undergome localized subur-
banization and reorientation from formerly agricultural to industriel-
jzed and commercialized economies, The change hes resulted in ‘the con-
struction of & large number of wells in the 1-F aquifer. The carrent
rate of L-F well construction in this drea is about 10 wells per year.
Plate 8 illustrates the relatively dense development of L-F wells along
the South Flatte River corridor nartheast of Denver, and figure 25 is a
graph showing the rate of L-F well construction within the corridor
from the early 50's through 1973. '

Because the areas in the eastern and southern portions of the Denver
Basin are agriculturally oriented, the rate of utilization of the L-F
aquifer has not been particularly rapid. ‘Most of the development in
these areas has occurred inte vicinity of Keenesburg and in the region
surrounding the small communities of Byers, Calhan and Deer Trail where
water pumped from the L-F aquifer is used for both domestic/stock and
mmicipal purposes. In the region east and northeast of Colorado
Springs, the I-F aquifer has been tapped by & few domestic water users
and by a few small quasi-mumicipal water districts, Most of the utili-
zation of the L-F aquifer has occurred since the late 1940's. Althouch
the rate of use of water has not increased appreciably in rural areas,
most of the town managers reported their areas of jurisdiction have
experienced slight population increases and proportional increases in
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the demand for L-F water, Typical of these ¢mll comrunities is Byers,
Colorado, where a local water supply agency has renorted a three million
gallon-per-year increase in 1-F water use during the period 1966-1971,
Figure 24 illustrates the trend of water supplied to users from 1959
through 1971, '

Exploration of the 1L-F aquifer has periodically occurred east of
the foothills between Denver and Colorzdo Springs, Whetler or not the
aquifer will be heavily developed in the immediate future remains to be
seen for the following three reasons: (1) In aress available for devel-
opment in the smmediate future, the L-F aguiler 1ies at depths commonly
exceeding 460 meters (1,500 feet) below lani surfece; (2) The shallower
Dawson Group equifers are proving to e & sellable source of good
quality water; and (3) Scveral invest. scon e raported that the
potentiometric surface of the L-F aquif. w Iz lovally abovt 305 meters
(1,000 feet) below the land surface end thes e acaifer might be unre-

Pow gorsdin uses.

liable a§ & long-term source of water ¥

EFFECTS OF IARGE WITHDRAWALS OF WATER FROM THE AQUIFERS AND POSSIBILITIES
OF ADDITIONAL DEVELOFPMENT

Continuous data on the historical effects of the withdrewals of
large quantities of water from the Denver Bzsin bedrock aquifers are
scarce. Emmons and others (1896, p. 402) briefly described the effects
of early development of the Denver and Arapahoe Formatims and McLaugihlin
(R.M.A,G, Guidebook, May 1955, pps. 62-67) described water level fluc-
tuations of the Arapahoe and Fox Hills aquifers., A few deep wells were
periodically checked by the U. S. Geologicel Survey in the late 50's
and early 60's, but most have either been cbandcned or are temporarily
capped. As & continuing phase of the Denver Tesin study, the Colorado
Division of Water Resources in cooperation with the U. S. Geological
Survey hope to esteblish a permenent well measuring network for the
Dawson ‘Group and the L-F aquifers.

The information available is of sufficient quantity and quality to
permit the jdentification of areas thal have experienced marked water
Jevel changes since the aquifers have been tapped. As mentioned earlier,
these areas include the Denvey metro area, the South Platte River valley
downstream from Denver (South Platte River corridor), and the region near
Byers and Deer Trail.

Since current local rates of water level decline range from 0 to 15
meters (0 to 50 feet) per year, it is cbvious that certain parts of the
- Denver Basin artesian system have become over-developed. In the areas
which have experienced excessive ennual water level declines, local and
state planning directors should discourage the construction of new
developments which mst rely totally on pedrock water resources. Exis-
ting developments which rely either totally or partially on bedrock weter
ghould be aware of the possibility that at some future date the bedrock
formations might become ineffective as aquifers,

All existing and potenmtial users of ground water in the Denver Basin
should be aware of the effects of extended withdrawals of water fram the
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bedrock formations. These effects are significant from both physical and
legal viewpoints, Obvious physical effects include those which have al-
ready been mentioned - - water level decline over an area, By examining
documented physical reactions of the bedrock aquifers to withdrawals of
water, or by applying hydrogeologic constants to areas which are yet to be
developed, the existing and potential user of bedrock water is able to
formulate sound water supyly plans for the future., From the legal view-
point, water administrators should be aware of the effects which have
occurred in the past, are occurring at present, and in the case of unde-
veloped areas, may possibly occur in the futwre.

Figures 26 and 27 are head loss curves for the L-F, Arapahoe, and
Pawson aquifers intended to serve as tentative aids in estimating the
effects of water withdrawals in areas for which no time drawdown infor-
uation has been recorded in the past., The curves were constructed by appli-
cation of the Theis non-equilibrium formula, Pertinent aquifer constants
were assigned values which are believed to be tyrical of the aquifers as a
vhole (table 3, p. 43). "The hydrogeologic properiies of the aquifers vary
wldely between different localities., Therefore, {le drawdown curves should
be applied with caution, Particularly when radii of investigations exceed
one kilometer (0,62 miles). Comparison of the figures illustrates how
dravwdown in observation wells is influenced by aquifer constants. They
varticularly illustrate the need for a sufficient gquintity of geologic
information on the area of interest., Existing wells located within the
area of influence campound the problem as each well will contribute to
the head loss to a certain degree,

Denver Metro Area. As mentioned above, the withdrawal of large guan-
tities of water from the bedrock aquifers in greater Metropolitan Denver
hes resulted in large declines of potentiometric surface. Both the L-F
aquifer and the Dawson Group of aquifers have experienced declines in head
ranging from about 30 to 183 meters (100 to 600 feet) Guring the period -of
record. The greatest declines have occurred in the northern and southern
parts of metropolitan Denver where more frequent occasions to develop the
artesian aquifers exist (pls, 8 and 12).

Although heads have declined over a wide area in the metro area, the
aquifers have not lost their capacity to deliver relatively large quanti-
ties of water ¢o wells, Indeed, the well field of the City of Arvada has
cxperienced head declines of generelly less than 30 meters (100 feet)
rince the 1950's, Most of the wells tap the Arapahoe Formation and show
no indications of faltering, The fact that the local pumping water level
of the Arapashoe formation has remained nearly static, even after exten-
sive withdrawals of water, shows that the aquifer can support additionmal,
but cautiously plemned, development.. Existing date indicates that the
Tormation can locally withstand an additional head loss of about 45 to 60
:oters (150 to 200 feet) in the north Denver metro area. Such declines
will place pumping level near the uppermost part of the producing zone of
the Arapahoe and near the level at which pumping under water table con-
ditions will begin,

Although the Arapahoe Formation can probebly withstand additional
Cevelopment in the grester Denver metro area, it cannot be over-empha-
*ized that when such development occurs (there is no indication that it
¥ill not), it should proceed with much caution and foresight on the part
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of planners and administrators. The reasons for this caution are sugges-
ted by Bumons (1896, p. 403) because of the relatively rapid decline of
head over a seven year period, the fact that the Arapehoe Formation is
presently heavily developed in local areas, and by metro Denver's proxi-
mity to the outcrop area.

The drewdown curves of figures 26 and 27 can be utilized to obtain
an insight on the effects of pumping at various discharges over various
lengths of time. The curves can also be used to estimate the effects
caused by the pumping from a well field where the drawdown at any point
is the sum of the drawdowns caused by each well individually, or

D3=Dl+nz-t-])3+m...etc.

A large number of the small capacity domestic wells in the metro
Denver erea are obteining water from the Denver Formation. Depths of
the Denver Formation wells range from ebout 45 - 152 meters (150 to
500 feet) depending upon the locations of well sites with respect to
stream valleys and Whether or not sufficient quantities of water re-
quiredsfor particular requirements can be found at shallower depths.
Current water well drilling activities south and east of downtown Denver
indicate that the water levels encountered in various horizons do not
differ greatly from those reported during drilling activities 10 or maxre
years ago. This indicates that the Denver Formation might elso locally
withstand additional development. However, the same precautions should
be practiced for the additional development of the Denver Formation that
were recommended for the development of the Arapahoe Formaetion.

The effects of the withdrawal of large quantities of water from
the L-F aquifer in the Denver metro area is shown on plate 8, and they
have been treated in the section describing potentiometric surfaces.
Although local production from the L-F has been reduced, the local arte-
sien head has continued, to slowly decline in the metro area, Conbtinuous
local decline of head is probably due to the residusl effect of an exten-
sive cone of depression, which was developed in the metro ares during the
aquifer's early stages of development, Although the L-F's artesian head
js declining at rates ranging fram about 1 to L meters (3 to 13 feet) per
year in the metro erca, it is still 305-380 mebers (1,000 to 1,250 feet)
ebove the top of the aquifer. It is possible that the artesian head will
continue to decline and in some cases pumping plans might require altera-
tion to cope with greater lift. However, it is economically inusound to
restrict the development of the agquifer en sufficient quantities of water
are eveilable for additional development in other areas where limjted loss

of head has occurred.

Development of the aquifers in the metro arca should proceed with
_caution and with the realization that all previous data indicate the water
is being "mined" and will be availeble for pumping for a fixed time.
Potentisl developers should be aware of the relationship of a pumped well,
the drawdown around it, and plan accordingly. Excessive declines of head
_in such areas will therefore demand the use of pumping facilities which might
lie far beyond the economic capabilities of the private well ouner. Depth
4o the top of the L-F aguifer in most of the metro area lies between 305 and
460 meters (1,000 and 1,500 feet), and its thickness ranges between 46 and
76 meters (150 and 250 feet). Therefore, the depths required to pump the
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aquifér under these conditions will range between about 396 and 549 meters
(1,300 and 1,800 feet). This condition will tax commcn pumping equipment
and impose heavy economic burdens on the well user.

. South Platte River Corridor. The effect of extensive utilization
of the L-F aquifer in the South Platte River corridor is shown in plate
8. The increased number of L-F wells in this area has resulted in water

level declines ranging from 3 to 15 meters (10 to 50 feet) per year,
Several L-F wells west of Brighton are reported to be presently pumping
under water table conditioms. Existing evidence sujests that the aqui-
fer is locally overdeveloped and continuous populaticn growth in the
corridor will probebly result in increases in the rate of head decline.
If the present trend continues, most of the T-F wells in the corridor
will be pumping under water table conditions within 5 years.

Although the artesian head in the corridor has feclined rapidly
in recent years, the L-F aguifer can possibly suppet additioual local
development, The aquifer thickens toward the northicst, where it is
close to & probable recharge area, and lies at only noderate depths
below the land surface, The edditional development would impose hard-
ships on existing L-F water users by increasing the costs involved as
punping lift increases, It is obvious that any additional development
should be carefully planned and closely observed.

The Eastern Prairie Iands, The prairie lands end the area east
of Interstate Highway 25 between Denver and Coloradc Springs are pre-
dominantly agricultural and the bedrock aquifers have not experienced
the intensified development that has occurred near ti:e population
centers, Thus, most of the bedrock wells in the prairie lands are used
for agricultural purposes, and small farm-ranch cor—mities such as
Keenesburg, Byers and Deer Trail, During recent yesrs, these areas have
experienced slight population growth as an increasinz number of people
nove away from the rapidly expanding population centers. With the
prairie lands becoming more attractive as sites for yopulation growth,
a more thorough understanding of past bedrock well Ssvelopment and the
predicted response of the aguifers to extended withérewals of water is
needed,

*

‘ The region surrounding the small communities of 3yers and Deer Trail
conteins a higher density of L-F aquifer wells than 3o other agricultural
areas east of Denver, At Jeast two factors account for this denmsity:

(1) the aree is near the eastern outerop of the L-F aguifer within easy
reach of common well drilling equipment, and (2) the srea is served by
an efficient highway system.

The withdrawal of water from the L-F aquifer ty the domestic and
stock wells and by the commnities of Byers and Deer Irail has formed a
cone of depression which practicelly encompasses the o communities
and appears to extend to the outcrop area along the sastern border of the
basin (pl, 8). The current rate of head loss in the =rea is about. two
feet per year. Southwest of Interstate Highway 70, srrroximately 90 to
180 meters (300 to 600 feet) of head remains above t:tz top of the L-F

aquifer,
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With the completion of Interstate 70, the Strasburg-Byers area became
+:2rin easy commting distance from Denver, The result has been a trend
ioard developing the area commercially or simply as new living space.
Ssssuse extended devélopment of the L-F aquifer will result in additional
a3 losses, the question arises as to the extent of the head loss and its
s ationship between the L-F outerop where it is overlain by water satura-
1s? glluvial deposits. The North Kiowa-Bijou Ground Water Management Dis--
+=et has expressed its concern over the possibility that extensive with-
Zess@ls from the L-F aquifer will reverse the currently north sloping
s-ientiometric surface. The theoretical result, which is supported by
==y investigators, is that along certain reaches of the Bijou Creek sys-
4=, recharge will occur from the glluvium to the L-F aquifer.

The concern of the North Kiowa-Bijou Ground Water Management District
¢z be eppreciated by examing the I-F drawdomn curves of figure 26 (p. 87).
~-: 13 liter per second (200 gpm) curves show that a well or well field
t~oducing 13 lps could possibly create substantial drewdowns in observa-
tron wells 64 kilometers (4O miles) distamt, The small slopes of the
ezuzifepy and the potentiometric surface and the slowly moving ground water
exould have only & minimel effect on the shape of the curves.

In the vicinity of I-T0 west of Strasburg, it is possible to drill to .
+=2 L-F aquifer and the Arapahoe and Denver Formations., However, for each
e aticipated well, whether it be for an individuel user or & housing or
basiness development, the effects of drawdown and ‘the existence of pre-
existing wells should be considered.

Existing data indicate that between Denver and Strasburg, the poten-
+iometric surface of the L-F aquifer is from about 183 to 396 meters (600-
1,300 feet) above the top of the aquifer. Therefore, considerable develop-
rant of the aquifer is possible depending upon local aquifer properties,
1s:8l complications and the gbility of well users to make adjustments for
possibly limited well production and increasing drawdovms,

Water level trends in the Arapahoe and Denver aquifers in the prairie
1ands have not been established. Assuming the water producing capebilities
of the Arapahoe Formation are more or less wniform throughout the central
portions of the basin, it is believed that it can support considerable
edditional development, If such development does occur, the potentiometric
surfaces will probably decline locally in the seme manner as experienced
in the Denver area in the 1800's. ‘ »

Falcon-Peyton-Calhan Area. The area along U. S. Highway 2l between
Coloredo Springs and Calhan has experienced considerable population growth
in the past decade, The once agriculturally oriented ares is attracting
both the individual in search of & large rurel homesite and large scale
1and developers. Both the Dawson Group of aquifers and the L-F aquifer
are being utilized as water supply for this development.

Developmert of the L-F aquifer jn this ares has been restricted in
the past to the peripheral areas of the basin where it is utilized prin-
cipally for individual domestic and/or stock purposes, and at Calhan where
the aquifer furnishes gbout 75 percent of the town's weter supply. The
I-F aquifer in the Falcon-Peyton-Calhan area can withstand additional
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planned utilization, The gandstcne isolith map of the L-F aguifer indi-
cates that 46 to slightly over 60 meters (150-200 feet) of sandstone is
present throughout most of the area (pl. 6). Availsble data indicates
that from about 152 to 305 meters (500 o 1,000 feet) of artesian head
remain on the aquifer, The depth to the top of the L-F is approximately
457 meters (1,500 feet) in most of the area and at least an additional
60 meters (200 feet) is required to penetrate through it. When pumping
levels extend to the top of.the aquifer, the cost of pumping equipment
and power supplies will undoubtedly place & considerable economic strain
on the water users., Until that time, existing and future water users
should expect declining heads with increased development of the aquifer,

Most of the wells in the Falcon-Peyton-Calhen arca are less than
152 meters (500 feet) deep and tap Jjust the upper rart of the Dewson
Group, The wells have small capacities and do not appear to tap one
particular stratigraphic horizon. Measured depth to water is just as
variable now ag they were several ycars ago, hence, 10 general trend
ft;r a perticular horizon has been established.

The area is generally underlain by more than 305 meters (1,000
feet) of material belonging to the pawson Group &d probably contains
from 25 to 50 percent sand and gravel, The aquifers can probably -
tolerate considerable development so long as the capacities of wells
are limited. Existing logs indicate that most of the sands in the
upper 305 meters are lenticular, Thus, the potential water user mst
use caution so as to prevent overdevelopment of small lenses, Re-
charge to the lenticular sandstones in this area is probably quite limi-
ted and the exhaustion of all of the recoverable water from some lenses
could mark the end of their usefulness as aquifers.,

Potential large scale water users of the Arapahoe Formation should
use every means at their disposal to test the aquifer before committing
themselves financially. Scettered E-log information in the area indicates
that the Arapahoe is frequently less than 122 meters (40O feet) thick and
the sands are not as well developed as in other areas to the north and -
northwest.

The Black Forest and Other Areas, In this report, the Black Farest
is defined as @ ;072 square kilameters (800 squere miles) in the
southwest end central part of the Denver Basin which supports dense
growths of pine trees. The northern, eastern and southern boundaries
correspond to surface elevations of 1828, 1920 and 2134 meters (about
6000, 6300, and 7000 feet) respectively. The designated western boun-
dery is I-25 between Denver end Colorado Springs. Small commmities
Eh.%gt serve the area are Castle Rock, Franktown, Elizabeth, Kiowa, and

In the past, the area wes predominantly agricultural, Current
jnterest involves homesite development. The efficient highwey system
and proximity to both metro Denver and Colorado Springs have resulted
in very high rates of population growth, Since most of the develop-
ment is occurring on interstream divides, water wells of sufficient
depth to tap the bedrock formations mst be constructed. Exemplifying
the growth of the Black Forest region is the Town of Castle Rock, which
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has experienced steady growth since the early 1960's, This growth is
reflected in the anmual increase in the total quantity of water supplied
by the town water depertment (fig, 24, p. 83). The town presemtly hes
two wells tapping the Dawson Group, ,

of water from small capacity wells, Due to the lenticularity and wide
stratigraphic distribution of water producing horizoms in the Dawson
&quifm,vensuedriuedtode:pthsverﬁngfromabwt 30 meters (100
feet) to generally less than 305 meters (1,000 feet). It is common for

" this range to occur within an ares less than 1.6 square kilometer (1
square mile). - Over 80 percent of the wells which tap the bedrock aqui-
fers in the Black Forest are less than 305 meters deep: most are obtain-
ing water from the Dewson Arkose, Only & few penetrate to the Arapahoe
Formation, ’

Uft11 quite recently, dste collection in the Black Forest has been
rractically non-existant, therefore, no definite long-term trends of the
water levels are known. Scant evidence obtained from the driller's logs
in the area indicate that no significant change has occurred in the
upper 152 meters (500 feet) of the Dawson Group. Comparison of driller's
completion reports made in the 1950's and early 60's with recent comple-
tion reports indicates that scme aress which are obtaining water from
the 152 to 274 meters (500 to 900 feet) levels, and & few wells with a
depth of 457 meters (1,500 feet) or more possibly have experienced water
level declines of 2.5 meters (eight teets ver year. This comparison
shows that a large mmber of closely grouped small capecity wells tapping
the same aquifer will cause substantial water-level declines, L

. Most of the new land owners in the Black Férest will probably drill
individual wells with depth generally less than 152 meters (500 feet),
A few, however, rarticularly corporations contemplating large housing,
commercial and industrisl developments, will undoubtedly construct wells
designed to tap the basal portion of the Dawson Arkose or the Arapahoe
Formation. Electric logs of these formations indicate aquifer thicknes- _
ses commonly approaching 152 meters (Soo'feeh) with a net sand value
averaging 76 meters (250 feet), Aquifer tests verformed on similar thicke
nesses of the Arapehoe Formation in the southeast Denver metro area indi-

- cate that 13 to 26 liters per second (200 to 40O gm) can be withdravn
without causing substantial drawdowns in the pumped well. The Arapehoe
can be expected to produce such quantities of water in most of the Black
Forest region except in the southern part where sand horizons sre not as
well developed as those to the north, The basal part of the Dawson Arkose
aquifer is very desirable in the Black Forest because its sands are

quite thick and permeable and the water rurped from it has & high chemical
quality, - : :

The Dewson Arkose and Arapahoe Formation will undoubtedly prove to
be mjor sources of water. However, water users and sdministrators should
be totally aware of the dangers of over-development and plan accordingly;
well spacing and ground water withdrawals should be closely scrutinized,
particularly in the peripheral areas where ground water storege is limited -
and where the aquifers are cut by stream systems and to a certain degree,
are tributary to those systems. : -
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The Denver Formation has proven to be a reliable aquifer for domes=
tic and 1imited commercial purposes in other parts of the Dunver Basin
and the same should be expected in the Black Forest region. Particular
attention should be made to well spacing because Denver sandstones are
notoriously lenticular, and to potential water quality problems in
sections known to contain coal,

Although the L-F aquifer exists in the Black Forest region, little
js ¥nown of its locel hydrogeologic properties. Throughout much of the
region, the I-F lies below a depth of 610 meters (2000 feet) and is -
generally not etrated; southeast of Castle Rock it lies at a depth
eyproaching 91t meters (3,000 feet). Thus, it is questionable that it.
will experience large scale Cevelopuent by everage water users. Water
users vwho can economically exploit water wells of such depths will find-
the general thickness of net sand jmpressive (pl. 6), but should anti-
cipate potentied water quality and drawdown problems.

Another area which is currontly expaviencing repid growth of popu-.
1atAon which relies heavily upon ground water from the bedrock Torra-
tions is bordered by the foothills escarpment, I-25, metrcpolitan Denver
and Colorado Springs. This area 48 both physiographically attractive
and is within easy commuting distance of Denver and Colorado Springs.
Previously, most ’.afvelopnent occurred near the main highway system.
Currently, develciment is taking place in the once isolated hogback
areas several miles west of the main highweys and in the rolling table
1snds between the hogbacks and Black Forest. Most of the wells in the
area are of the domestic and stock type. Typical mmicipal use of bed-
rock water resources are represented by the smal) commmity of Louviers,
and the Woodmoor Water and Sanitation District at Monument, Colorado.
The U. 8. Air Force Academy utilizes the Denver-Arapahoe and L-F aqui-
fers as sources of water for the gilution of sewage effluent and irri-
gation purposes. Several industriel and quasi-municipal wells also
tap the bedrock aguifers in this area.

Plates 8 and 12 show the density of wells in the L-F aquifer and
" the relative discharge density of wells in the Dawson Group of aquifers
and indicate that through mid-1973, the area was not heavily developed.
This probedbly was due tothe once relatively poor accessibility of the
area and readily available land closer to the main highway system. This
ares or "strip" could probably tolerate considerable sdditional develop-
ment, provided that both water administrators and weter users are aware
of the strict limitations placed upon the aquifers by nature. As dis-
cussed in earlier sections of this report, the basin's sedimentary rocks
either outcrop as hogbacks or are cut by the fault system. Therefore,
water storage in the bedrock aquifers diminishes in & westward
direction. '

Although data are lacking, & distinct possibility exists that
faulting is not limited to rocks in proximity to the Rempart ‘Range and
Golden fault systems. Eastward extensions of the faults, whether they
are related to the laramide Revolution or subsequent structural adjust-
ments, would result in igolating segments of the bedrock aquifers, Such
physical phenomens might not affect the needs of wisely spaced domestic-
stock wells, However, & water user whose requirements would greatly
exceed the demand of an individual household unit or smell comsmexcial-
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jndustrial installation, should examine all available hydrogeologic data
on the prospect area, and if the need arises and funds permit, invest in

& test drilling program,

Existing data indicates that depth to the L-F aquifer in the strip
ranges from zero at the outerop to about 732 meters (2,400 feet) west of
Castle Rock (pl. 7). Such depth, combined with reports that the aquifer's
potentiometric surface is locally over 305 meters (1,000 feet ) below the
land surface, will probably limit most present and immediate future devel-
opment to the Arapahoe, Denver, and Dawson Formations.

Land Subsidence. Subsidence of land adjecent to areas which have
experienced substantial declines of artesien pressure from the withdrawal
of ground water is well documented. Most investigators agree that the
common cause of land subsidence is the withdrawal of water, gas, or petro-
leum from confined zones in consolidated or partially consolidated sedimen-
tary deposits. This removal of fluids results in a reduction of the arte-
sian pressure and ap increase in overburden load on the formation. When
the overburden load is increased, more of the stress is transferred to the
mtrix/within the deposits. This change in stress results in changes in
the particle, pore, and bulk volume of the rock, Compaction and accampany-
ing land subsidence is of interest because of their affect on aquifer
properties and man-made structures on the land surface,

" The major hydrogeological effect caused by aquifer compaction is the
reduction of the aquifer's capacity to store and yield water. In summari-
zing his investigation of part of the San Joaquin Valley in Celifornia,
Poland (1961, yp. B-53, B-54) reported that the storage derived during
compaction of clayey interbeds and confining beds may be equel to or
greater than that derived from the coarse fraction of the aquifer. He
also states that the water yield from the clayey beds is large only during
the first decline of artesian pressure, If pressures are allowed to re-
cover, and then were dravn down again through the same interval, the addi-
tional comression of the clayey beds would be only & small fraction of
that in the first phase, It is reasonable to conclude that corpression
of the clayey beds within the aquifer materially reduces the aquifer's
capacity to storc and yield ground water, :

The possibility that certain parts of the Denver Basin will be
affected by subsidence should not be ignored., The potential certainly
exists, particulerly in light of the lowering of ertesian heads of
several hundred feet, and the northwestern part of the basin being a site
of tectonic activity. Postulsted and known causes of subsidence which -
might apply to the Denver Basin are: (1) water reservoir campaclion due
to ground water withdrawals; (2) possible lack of local structural
stability.

The artesian head in the northern part of metropolitan Denver has
already experienced a decline exceeding 60 meters (200 feet)., Any effect
of lowering the potentiometric surface 60 or more meters is unknown &t
this time. However, it is possible that closely monitored land level
stations and tectonic studies can be utilized to reveal the existence of
any lend subsidence, Numerous faults cut the bedrock formations and the
area has experienced over 2000 earthquakes since early 1962, The well
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known Derby earthquakes have been related to the injection of fluid
wastes at the Rocky Mountain Arsenal disposal well., It is possible that
the earthquake activity has masked shallow events which might have
occurred due to the lowering of artesian head. It should be noted that
prior to 1962 no seismic instruments in the area were capable of regis-
tering events having an activity of less than IIT on the modified Mer-
calli activity scale (about 2 to 3 on the Richter scale), Therefore,

if ground vater withdrawals from artesian aguifers did produce low
intensity events, they were not recorded.

Seismic events related to lowering the artesian head will be some-
vhat difficult to detect, The tectonic stresses in the basement rocks
of the bLasin have res:lted in periodic seismic activity regardless of
the degree of dewztering, Tnvestijators examining the possibility of
land subsidence induced by lowering of artecsian head must develop a
closely coordinated program of both seismic studies and precise land-
level surveys.

/ The dangers of subsidence in the Danver -:sin are possibly lessened
sonawhat because the sedimentary materials from which artesian waber is
withdrawn are to & certain degree preconsolidated. Hence, the basin
possesses & certain degree of structural stebility. It is therefore
possible that the basin's artesian aquifers can withstand a substantial
lovering of artesian head without experiencing substa:tial compachion
and subsequent subsidence, Or, if compaction and subsidence does occur,
it should be of such small magnitude that it will be extremely difficult
to de‘beCt. e »

Bvidence suggests that compaction and subsidence in the Denver Basin
are not occurring rapidly if at all, If the nature of the artesian aqui-

fers is such that stresses created by extensive dewatering can be relieved

only after years of build-up, the Derby earthquakes could have acted as
triggering mechanisms for release of the stresses. Any relief of these
stresses in the past were probably of such low intensity that they were
not recognized as products of sub-surface activity.

If extensive pumping from the Denver Basin artesian aquifers will
produce detectable seismic activity or subsidence in the future, such
events should occur in the areas of heaviest artesian aquifer develop-
ment, Certain perts of metropolitan Denver, for example, are experien-
cing marked population expansions, The water supplies of many of these
arees are to be either partially or totall; dependent on local artesian
aquifers. Since thick sections of Laramie- ox Hills aquifer and Arapa-
hoe Formation are to be exploited, a definite potential for aquifer
compaction exists. Because of the presence of large buildings and &
complex network of conduits, the degree of the compaction is important.

It is evident that in the Denver Basin some means should be
employed to monitor the reaction of artesian aquifers to extemnsive
dewatering. Data cbtained from select monitoring programs could be used
to predict sites of potential subsidence and aid in the prediction of
aquifer life, Methods used to monitor subsidence in California, which

can readily be applied to the Denver Basin, include (1) old and new well

log comparisons; (2) use of buried dead-man anchors (Loi;'grep, 1961);
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(3) wire-line depth measuring of casing joints; (4) radicactive tegging
ga ?rker beds; and (5) the monitoring of e network of precise land level
ions,

At present, it is unknown if local dewatering in Denver Basin arte-
sian aquifers will result in extensive subsidence, Some compaction will
certainly occur, but the extent and nature of the subsidence is somewhat
problematical, Analytical methods are available to predict the severity
and timing of such events, but their application requires sophisticated .
data which is obtained only with difficulty. Since certain parts of the
Denver Basin are probably going to experience artesian head declines of
at least 150 meters (500 feet) in the next 10 or 20 years, it is impor-
tant that the extent of possible subsidence is known, The fact that once
the fine fractions of the artesian aquifers have been compressed and
dewatered, they cannot be recharged by either natural or artificial means,
cannot be over-emphasized.

-FUTURE BASIN DEVELOPMENT
/ AND MANAGEMENT OF BEDROCK AQUIFERS

The principal objective of this report is to aid in the formulation
of legal and technical plans which, if put into effect, would use the
Denver Basin's bedrock-water with maximum productivity and life, with
minimm waste and cost, The bedrock aquifers contain a vast quantity of
water in storage but in order to accommodate the numerous federal, state,
county and individual interests, it will be necessary to coordinate all
development of the resource.

Significant head losses wherever the aquifers have been developed
are clear indications that the "safe yields" are easily exceeded, The
significant widespread and prolonged head losses indicates that the
quantity of water recharged to the aquifers is greatly exceeded by the
quantity of water withd-awm by pumpage. It has also been shovm that low
permeabilities and irregular development of sandstones prevent large-
scale artificial recharge practices. These two facts seriously limit
resource menagement alternatives., Overshadowing the premise that elter-
natives are severely limited is the fact that the resource has little
value if it is not put to beneficial use, :

Because the water of the bedrock aquifers is being mined, the
priority doctrine is not a suitable approach to its management. Appli-
cation of the doctrine to the basin's bedrock aquifers would necessitate
the immcdiate helt to construction of all new high .apacity wells, and
the imposition of purmping limitations on most exis.’'ng high cepacity
wells, Such action, which in effect can be classed as & "type" of mora-

. torium, would certainly extend the life of the resource, but night severe-
" 1y injure local economies and would probably tax the water delivery
capabilities of other systems. :

Tt is safe to ascume that waste water reclamation and re-use, and

restrictive measures will play & vital role in augmenting the water needs
of the future. To what extent these measures will affect over-all water

demands is beyond the scope of this report. It is becoming increasingly
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clear, hawever, that provisions must be made to integrate the use of the
ground waters in the Denver Basin with other :vailable supplies to meet
the growing water demands of the area. Indeed, what is needed is a
thorough analyses of the water resource availabllity and use along the
entire Front Range so that all water users can be included in a compre-
hensive water plan for the future, Until such a plan is available,
‘however, there is a growing demand to utilize water from the bedrock
aquifers and this resource must be developed in an orderly manner.

Another prospect that could extend the life of the aquifers is
to make available a plentiful supply of low cost imported water.
Neither the political climate for transmountain diversions nor the
availability of such water can be predicted or guaranteed.

Certain protective measures must be employed to achieve timely and
effective use of the ground waters in the bedrock aquifers to maintain
& minimel influence of one well upon another, The effect of pumpage
from an artesian aguifer anywhere in the basin will ultimetely be trans-
mitted throughout the entire aquifer, To minimize head loss, it is re-
corfmended that spacing and construction criteria, based on agquifer

characteristies, be established, and that use permits clearly provide
no guarantee of the current pumping head,

Cem . " reka -

SU2HARY OF FROBLEMS AND CONCLUSIONS

Major problems which will confront administrators and users of water
from the Denver Basin's bedrock aguifers include those associated with
declining weter levels and deterioration of water quality.

Areas' in which current water level declines are rapid enough to
cause concern are the South Platte River ecorridor, the Strasburg-Byers-
Deer Trail area, and parts of metropolitan Denver, Although the rate
of water level decline in certain parts of the Denver area has been buf-
fered by transmountain diversions, other parts are growing at & phenom-
enal rate, In such arees, there is an increase in the desire to use the
bedrock aquifers for large quantities of water. This is particularly
true in the Black Forest and other areas where new and future develop-
ments must rely totelly on bedrock water supplies. It is suggested that
developmerft in such areas proceed with caution as too rapid growth might
result in water level declines which grea.t]y exceed the economiic capa- - -
bilities of current. ptmping equipment Coe , _

Water quality pwobl.s of the Denver ‘Ba.sin‘s bedrock a.quifm-s are
confined predominantly to the laramie Formation and L-F aquifer. Water
from these units is locally known to contain troublesome amounts of
hydrogen sulfide, methane, iron, fluoride and, frequently, sodium. .
Although local geologic phencmena might be the cause of many of the con-
taminante, the possibility of contamination resulting from human activi-
ties should not be ruled out. .

Many water quality problems encountered in u:l:ilizing the bedrock
aquifers can probably be eliminated.by avoiding milti-aquifer campletions,
particularly in the case of mixing L-F water with Dawson Group water.
When more than one aquifer is penetrated during drilling operations,
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water-bearing horizons found or suspected to contain poor quality water
should be effectively isolated. Use of any of the sedimentary rocks of
the Denver Basin as receptacles for disposal products must be avoided.

Successful future management of the bedrock aquifers of the Denver
Basin will require the collection and utilization of a considerable
amount of additional data, particularly in those areas where data is
either scarce or totally lacking, The importence of additional electric
logs, geologic sample logs, and aquifer test data cannot be over-empha-
sized., Water quality tests are inexpensive and should be made at every
opportunity. Of major importance is the need for an extensive network
of observation wells in which water-level fluctuations can be monitored.
Completion of an observation network of this type is anticipated during
the fiscal year 1975-1976. Accurate measurements of the quantities of
water withdrawn from the aquifer are needed to predict the useful lives
and the response to edditional development.

The bedrock gguifers of the Denver Basin contain vast quantities
of ground water suitable in most localities for all beneficial purposes.

If mandged with caution, the basin can supply the water needs of several
generations, ‘ -
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APPENDIX A

VETL HUMBERING SYSTEM

Wells described in Table 6 are numbercd according to their location
within the Federal system of public land subdivision (fig. 28). The
nunber shows the location of the well by guadrant, towmship, range, section,
and position within the section. The capital letter at the beginning of
the loeation number :indicates the gquadrant of the wmeridian and base line-
systom in which the well is located.. All wells in the Denver Basin project
erea lie in the northwest (B) or southwest (C) auadrant of the sixth
principal meridian and hoth parallel baselire system, The Tivst segment
of the well number indicetes the tovmship, the second the range, and the
third the section. ILover case letters following the section uuaber locate
the well within the section. The first letter denotes the gquarter section,
the secand the quarter-quarter section and so on. When more than one well
is located within the smallest subdivision indicated, consecutive numbers

bezimning with 2 are added to the identifying number in the order 'n which
the wells were inventoried.

Figure 28. Method of numbering wells in Colorado. From McConaghy,
James A. end others, 1964, Hydrogeologic data of the
Denver Basin, Colorado: Colorado Water Conservation
Board Basic Data Report No. 15; prepared by U.S.,
Geological Survey, p. 3.
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APPENDIX B

GLOSSARY AND CONVERSION FACTORS

Technical terms which have special hydrogeologic significance and
those whose definitions have undergone slight modification within the
last few years are defineq below, This is followed by & list of conver-
sion factors, :

Drawdown - Drawdown in a well is the extent of lowering of the water level
when bumping is in progress or when water is discharging from a flowing
well, . ¢

Hydraulic Conductivity - The capacity of an aquifer to transmit water, A
Porous medium has a hydraulie conductivity of unit length per unit time
if it will trensmit in unit time a unit volume of ground water at the
Prevailing viscosity through a cross-section of unit area, measured at
right angles to the direction of flow, under a unit hydraulie gradient.
It is expressed as meters per day., The abandoned term is coefficient of
bermeability, gallons Per dey per square foot,

. Hydravlie Gradient - The change in static or hydraulic head at a certain
roint within an aquifer‘with,respect to the hydraulic head at a different
point within the same aquifer, Generally expressed as @1/l or gtetie

or hydraulic head difference (h) divided by the distance (1) between the
points of interest,

Potentiometrie Surface - The potentiometric surface is an imaginary sur-
face connecting points to which water would rise in tightly cased wells
from a given roint in an equifer. It represents the artesian Pressure
or hydraulic head throughout 211 or prart of an artesian or confined

Specific Capacity - Specific capacity of & well is the ratio between its
discharge and drawdown, In the past, it has been expressed as gallons

yer minute per foot of drawdown, It now is expressed as liters per second
Per meter of drawdown, .

Specific Yield - The specific yield of an aquifer is the ratio of the
volume of water which, afier being saturated, it will Yyield by gravity to
its own volume, The specific yield of most unconfined agquifers ranges
from about 0.1 to 0.3 and averages about 0.2, The coefficient is dimen-
sionless, : .

Storage Coefficient - Storage coefficient is defined as the volume of water
an aquifer releases from or takes into storage per unit surface area of
the aquifer per unit change in head, The storage coefficient of most con-
fined aquifers ranges from about 0,005 to 0.00005, indicating that large
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pressure changes OVer ext

water yields.

ensive areas are required to produce substantial
The coefficient is dimensionless.

Transmissivity (T) - Aquifer transmissivity js the rate at which water

LransmisSsaviby A"/
is transmitted through &
the full saturated thicknes
Tt has been expressed as gallons per day per foot.:

or 100 percent).

unit width of the aquifer, extending through

s and under a unit hydraulic gradient (1.00

Current terminology is square meters per day.

Water Table - The upper
fined equifer is called the wat
imaginary surface within an unc

is atmospheric.

‘The following fact
metric or International System of units

MULTIPLY ENGLISH UNITS
/

inches

inches

feet

miles

acres

square miles

galions

gallons

cubic feet

acre feet .

cubic feet per second

gallons per minute

BY

5.4
0.0254
0.3048
1.609

Lou7
2.590
3.785
0.003735
0.0283

1233

28.32 .
0,02832
0.06309
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er table,

surface of the zone of seturation in an uncon-
It is also defined as that
onfined aquifer at which the pressure

ors mey be used tcz cc;nvert Fnglish wnits to the
SI).

TO OBTAIN SI UNITS

millimeters (mm)
meters (m)

meters (m)

kilometers (km)

square meters (w2)
square kilometers (km?)
liters (1)

cubic meters (m3)

cubic meters (m3)

cubic meters (m3)
liters per second (1/s)
cubic meters per second (m3/s)
liters per second (1/s)
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